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A STUDY OF THE RELATION OF SOME PROPERTIES OF 
COTTON RAGS TO THE STRENGTH AND STABILITY OF 
EXPERIMENTAL PAPERS MADE FROM THEM 


By Merle B. Shaw, George W. Bicking, and Martin J. O’Leary 


ABSTRACT 


This article is one of a series on the stability of papers made from various 
fibrous raw materials. The present study is concerned with rag-fiber papers and 
the factors affecting their stability. 

High-grade bond papers were made under carefully controlled conditions in 
the semicommercial paper mill of the Bureau from cotton rags of the qualities 
termed in the trade ‘‘new”’ (cuttings from unused textiles from textile and gar- 
ment factories) and ‘‘old’”’ (used textile materials, principally from homes). 
Unsized, engine-sized, and surface-sized papers were included. For most of the 
beater sizing, rosin size was used, being precipitated on the fibers in the usual 
way with papermakers’ alum. 

The basic rags, the half-stuffs made from them, and the finished papers were 
analyzed. The usual physical and chemical tests were made on the paper both 
before and after it had been subjected to an accelerated-aging test. The results 
demonstrate that stable paper can be obtained from new rags. 

The data obtained confirm the general belief that high acidity resulting from 
excessive use of alum in rosin sizing has a marked deteriorating effect upon paper. 
The pH value for optimum results, as far as stability is concerned, was approx- 
imately 5.0. The degree of sizing at this acidity was also satisfactory. 

Of papers of the same acidity, those having the lesser content of rosin were 
the more stable. 

In general, surface sizing did not materially affect the life of base papers of 
high stability, although it seemed to serve as a protective surface retarding chem- 
ical deterioration of the less stable papers. 

Initial quality of the fibers cannot be taken as a criterion of the degree of excel- 
lence of paper made from them. The study shows that careful processing of 
raw materials in respect of active chemical components (alum, rosin, etc.) is 
necessary for the manufacture of stable papers. 


CONTENTS 
I. Introduction 
II. Rag fibers used 
III. Papermaking equipment 
IV. Preparation ‘of the half-stuff 
1. Cutting and dusting 
2. Boiling or “‘cooking”’ 
(a) Chemicals used 
(b) Cooking procedure 
3. Washing 
4. Bleaching 
5. Losses during preparation of half-stuff 
V. Papermaking processes 
1. Beating 
2. Paper-machine operation 
3. Sizing 
(a) Beater sizing 
(b) Surface sizing 
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I. INTRODUCTION 


This report deals with a study of the effects of cellulosic impurities 
and of the papermaking processes on the strength and stability of 
rag papers. It is the third in a series of studies planned to include 
all the important types of fibrous raw materials commonly used in 
the manufacture of record papers.’ The purpose of the investigation 
is to extend present information relative to the development of opti- 
mum qualities in papers prepared from each of the various fibrous 
raw materials, and the manner and extent to which the quality of 
the paper is affected by the raw materials and by the variations 
encountered in processing them. The plan of the investigation as a 
whole is stated in more detail in the first report. 


II. RAG FIBERS USED 


Cotton rags of the qualities termed in the trade ‘‘new”’ and “old” 
were used in making the papers. New rags are cuttings from unused 
textiles and come largely from textile and garment factories, whereas 
old rags are used textile materials, and are principally waste products 
from homes. The rags employed were the grades known commer- 
cially as no. 1 white shirt cuttings, unbleached hosiery clippings 
unbleached muslin, unbleached shoe cuttings, twos and blues, and 
no. 1 old whites. "They were supplied by a commerical paper mill 
and had been sorted, cut, and dusted. 

The rags were purchased as being representative of the respective 
grades. Analyses reported elsewhere herein of the various kinds of 
rags before they were submitted to the paper-making processes and 
also after they had been boiled, ats 9 and drawn out of weave 
(reduced to half-stuff) indicate the degree of cellulosic purity of the 
fiber and the extent to which the cellulose had been modified or 
degraded either in preliminary treatment or in actual preparation of 
the half-stuff. 

The rag composition of the beater furnish, that is, the various 
kinds of half-stuff blended in the beater, is included i in the data for 
each of the paper-machine runs. 


III. PAPERMAKING EQUIPMENT 


The equipment of the Bureau paper mill is adapted for making 
paper on a semicommercial scale under practical mill conditions. That 
employed in the manufacture of the rag papers included a rag cutter; 
duster; rotary boiler; 50-pound omeiedaes wood-tub beater, having 
manganese-bronze bars and plate, and equipped with a washing 
cylinder; jordan refiner, with bars of a bronze and steel alloy; 4-plate 

| For previous reports see Highly-purified wood fibers as papermaking material, BS J. Research 7, by 


(1931) RP372; also, A study of some factors influencing the strength and stability of experimental papers 
from two different sulphite pulps, BS J. Research 11, 7-23 (1933) RP574 
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screen; 29-inch fourdrinier papermaking machine, with wire 33 feet 
long and having two presses, nine 15-inch dryers, a small machine 
stack of 7 rolls, and a reel; surface-sizing bath and drying cabinet; 
and a 5-roll supercalender.’ 


IV. PREPARATION OF THE HALF-STUFF 


The procedure followed in the preparation of the half-stuff was 
essentially the same as that generally observed in the commercial 
production of high-grade papers. 


1. CUTTING AND DUSTING 


Since the rags employed in the tests had already been sorted as to 
material and color, the only mechanical treatment necessary to pre- 
pare them for the chemical cleansing was cutting and dusting. 


2. BOILING OR “COOKING” 
(a) CHEMICALS USED 


The grease, dirt, starch, sizing, or other impurities were rendered 
soluble or easily removable by boiling the rags in a chemical solution 
under pressure. The choice of agents generally used to effect these 
changes depends somewhat upon mill conditions and the grade and 
kind of paper to be produced. A mixture of lime and soda ash was 
used in this study.® 


Either quicklime (calcium oxide) or hydrated lime (calcium hy- 
droxide) may be used for cooking rags, but quicklime was employed 
in the present study. ‘The following analysis* shows the composition 
of the lime,® which was ground to pass through a no. 100 sieve before 
analysis: 


Percent 
ees Ol; MI Sia ee ee ee nae SN ee a ee Oe 1.9 
Insoluble siliceous matter (SiOQ», etc.) ___- LW Didi ie eee busi ek 0. 5 
Iron and aluminum oxides (R,Q;)_________- Me fer rae gs De ea he eg ee ee 0. 4 
Dl a I ace Beat 96. 8 
OS a; a ah a aii a ci Nie aaa ap not more than 0.4 
erbon Gigaee re) eS Peta sue not more than 1.9 


The soda ash (Na,CO ;) was 58 percent sodium oxide. 


? Photographs of the equipment employed are included in the following publications: Caroa fiber as a 
papermaking material, Tech. Pap. BS 21, 338-341 (1927) T340. Further experimental production of currency 
paper in the Bureau of Standards paper mili, BS J. Research 3, 904-905 (1929) RP121. Equipment and 
research work of the Bureau of Standards paper mill, Paper Trade J. 89, 19, 60-63 (1929). 

5In previous experimental tests in the Bureau mill using caustic soda as the digesting chemical, papers 
of excellent Rowe | were obtained. Caustic soda was not included in the present study, however, on 
advice of commercial papermakers, who thought its use unnecessary. It is not commonly used in cooking 
ne because its use is dangerous to workmen when mills are not properly equipped. Recent work by 
Edwin R. Laughlin, Observations relative to the physical and chemical changes taking place in the cooking of 
new white rags, Paper Trade J. 97, 17, 39-53 (1933), gives interesting data on the effects of different chemicals 
in the cooking of rags, including caustic soda and a comparison of calcium and magnesium limes. 

‘ Made by Chemistry Division, National Bureau of Standards. 

' The lime conforms to the chemical requirements of Bureau of Standards Circular C96, Recommended 
tiene for Quicklime and Hydrated Lime for Use in the Cooking of Rags for the Manufacture of 

aper. 





652 Journal of Research of the National Bureau of Standards {va.1; 


(b) COOKING PROCEDURE 


The constant factors for each cook were as follows: 


Wey Oe I eS cena 106 pounds. 

Volume of water._...............-----.-...---. 52.5 U. 8. gallons (231 in;’) 
NE i ih os cies ib wes 70 to 80° F. 

Duration of initial temperature__-__...._.------- 1 hour. 

Time for raising to cooking temperature-_-_-_------_- 1 hour. 

CE ne mee wonedes 250 to 26U° F. 

Duration of cooking temperature__.........------ 5 hours. 

Clore poe 2 28 FSS See Fi es Tee 30 to 40 pounds. 


The no. 1 white shirt cuttings, no. 1 old whites, and twos and blues 
were each cooked separately. The unbleached hosiery, muslin, and 
shoe cuttings were mixed in equal parts and cooked together. 

The amounts of chemicals used in the cooking liquor were varied 
according to the kind of rags being treated. For the new rags, 3 
percent of lime and 1 percent of soda ash, based on the bone-dry 
weight of the rags, were employed; for the no. 1 old whites, 6 percent 
of lime and 1.5 percent of soda ash; and for the twos and blues, 8 
and 2 percent, respectively. These percentages were recommended 
by a commercial paper company making high-grade rag papers. 

In preparing the lime eietine a portion of the total amount of 
water, 52.5 gallons, was used to slake the lime; the balance of the 
water and the soda ash were later added and thoroughly mixed with 
the slaked lime. The mixture was run through a no. 60 screen to 
remove sand, splinters of wood, coal particles, or other foreign mate- 
rial as it was charged into the boiler. 


$. WASHING 


When the cook was completed the boiler pressure was relieved 
and the liquor was allowed to drain off overnight. The cooked rags 
were then transferred to the beater and washed until the effluent 
was clear, to remove the cooking liquor and the loosened impurities. 
One-half of a cook constituted a beater charge. Fresh water was 
added continuously during the washing. 

The time required for washing was about two hours for the no. 1 
whites and the hosiery clippings, muslins, and shoe cuttings; about 
three hours for the no. 1 old whites and the twos and blues. The 
amount of water used was about 30 gallons per pound of new rags 
and about 45 gallons for the old. The temperature of the wash- 
water was 75 to 85° F. 

After the washing had continued for about one-half hour, or until 
the water discharged from the washer was fairly clear, the roll was 
partially lowered to the bed plate and the pressure was increased by 
lowering the roll at intervals thereafter during the washing process 
to further cleanse the rags and gradually brush them out of weave 
into threads and the threads into fibers. 


4. BLEACHING 


After the rags were reduced to half-stuff, an oxidizing agent was 
added to change the residual coloring materials or impurities into 
soluble or colorless substances. Bleaching powder, calcium hypo- 
chlorite, containing 35 percent of available chlorine, was the oxidizing 
agent used. The powder was thoroughly mixed with water and after 
being agitated for some time was allowed to settle. The clear liquor 
was then drawn off, analyzed, and subsequently used as needed. 
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The amount of bleaching powder required to attain the desired 
degree of whiteness varied with the color of the rags. The amount 
used, based on the bone-dry weight of the rags, was, for no. 1 white 
shirt cuttings, 0.1 to 0.2 percent; for unbleached hosiery clippings, 
muslin, and shoe cuttings, 0.3 to 0.5 percent; for no. 1 old whites, 1.0 

ercent; and for twos and blues, 2.0 percent. 

The bleaching operation was begun in the washer (beater used as 
washer) and completed in the drainer. Before the bleach liquor was 
added to the half-stuff in the washer, water was removed from the 
washer to increase the concentration of the half-stuff. The bleach 
liquor was then slowly added and the stock was circulated for one 
hour. The temperature in the washer during this interval varied 
from 85 to 105° F. The washer contents were then dropped into 
the drainer, as was also the fresh water subsequently used in washing 
out the beater, and left for one-half hour before the valve was opened 
and the water permitted to drain off. No acid or other material was 
added to accelerate the bleaching operation. 

The bleaching was followed by washing to remove residual chemi- 
cals and the soluble products of the bleaching action. The half- 
stuff in the drainer was covered with fresh water and thoroughly 
mixed, and allowed to stand for one hour before the drainer valve 
was opened. ‘The process was later repeated and the half-stuff left 
to drain. All traces of active chlorine were removed in the washing, 
therefore no antichlor was used. 

The divisions of the rags used in cooking—no. 1 white shirt cuttings; 
unbleached hosiery, muslin, and shoe cuttings; no. 1 old whites; and 
twos and blues—were maintained throughout all the processes. The 
corresponding lots of bleached half-stuffs were kept separate until 
blended in the beater. 


5. LOSSES DURING PREPARATION OF HALF-STUFF 


The total loss in weight of the various rags used in the preparation 
of the half-stuff—boiling, washing, and bleaching—based on the 
bone-dry weight of the rags, was as follows: no. 1 white shirt cuttings, 
10 to 11 percent; mixture of the unbleached rags (hosiery, muslin, 
and shoe cuttings), 13 to 15 percent; no. 1 old whites, 15 to 18 percent; 
and twos and blues, 18 to 21 percent. 


V. PAPERMAKING PROCESSES 
1. BEATING 


The method of beating the half-stuff to prepare it for forming a 
sheet on the paper machine followed very closely that described in a 
previous publication.’ The characteristic feature of the method was 
the very gradual lowering of the beater roll. 

Before the furnish was added to the beater, the roll was raised off 
the plate in order to give clearance to the lumps of half-stuff. The 
tub was partially filled with water, half-stuff from the drainers was 
introduced, and additional water was run in until the desired con- 
centration was obtained. After some circulation of the furnish the 
roll was gradually lowered, by definite amounts and at fixed intervals, 


* Research on the production of currency paper in the Bureau of Standards erperimental paper mill, Tech. 
Pap. BS 21, 96-97 (1926) T'329. ‘ r 





to brush out the fibers and reduce them to optimum length. The 
various positions of the roll and the time intervals for each during 
the beating of a furnish are given in table 1 for both new and old 


rags, and are representative of the beating procedure. 


TABLE 1.—Schedule of roll settings for beating 














New rags Old rags 
ine } . Position baie’ Position 
Beating interval of roll Beating interval of roll © 
hr min hr min 
0 0 +10» 0 0 +10> 
0 5 +10¢ 0 5 +10¢ 
0 15 +6 0 15 +6 
0 45 +5% 0 45 +5% 
1 15 +5 1 15 +5 
1 30 +44 1 30 +414 
1 45 +4 1 45 +4 
2 00 +34 2 00 +3% 
2 15 +3 2 15 +3 
2 30 +24 2 30 +2% 
2 45 +2 3 00 +2 
3 00 +1% 3 30 +1% 
3 15 +1 4 00 Hi 
3 30 + 4 30 +4 
4 30 +% 5 00 +% 
5 30 6 5 30 +% 
6 30 0 
7 30 —\% 
8 00 -’% 




















« Expressed in turns of the handwheel with which the position of the roll relative to the bedplate is 
changed. At zero setting the bedplate is just barely cleared. One turn of the handwheel raises or lowers 
the roll 0.008 inch. 

» Lighter-bar up. 

¢ Lighter-bar down. 

The duration of the beating and freeness readings indicating the 
rate at which water flowed through or from the pulp sample are 
given for each paper-machine run in table 4. The freeness data 
are for the stuff (beaten half-stuff) at the time of running into the 
stuff chest at the completion of the beating. The concentration of 
fiber in the test samples was 0.2 percent and the temperature 80° F. 

For more detailed description and discussion of the beating technic 
the reader is referred to the Bureau’s Technologic Paper T329,' 
pages 96 to 102. 


2. PAPER-MACHINE OPERATION 


From the stuff chest the stuff was pumped in a continuous stream 
through the stuff box and the jordan refiner to the paper machine. 
Pumping the stock from the jordan directly to the paper machine is 
considered better practice than discharging it into a machine chest 
and subsequently withdrawing it as needed. By the former method, 
changes in the character of the stock indicated as desirable by con- 
ditions at the screen, on the paper machine, or in the finished sheet 
can be effected rapidly by suitable adjustments of the jordan. 

The operation of the paper machine was carefully controlled during 
the tests. For additional details of the operation see Bureau Tech- 
nologic Paper T329, pages 102 and 103. 


7 See footnote 6. 
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he 3. SIZING 
id i Practically all the commonly used varieties of rag papers are 


sized to improve the writing or printing quality, or various other 
properties. For some of the papers manufactured in this study, 
sizing agents were introduced into the beater and precipitated on 
the fibers (beater sizing); and in some experiments the surface of 
the paper also was impregnated with a sizing material after manu- 
facture (surface sizing). 

(a) BEATER SIZING 

Rosin and starch were each used as sizing agents. The rosin size 
contained about 33 percent of free rosin, and was precipitated on 
the fibers in the beater with aluminum sulphate (papermaker’s 
alum) in the usual manner. The starch was a commercial beater 
starch prepared by an oxidation process, and was used in accordance 
with current commercial practice as far as possible. 

In preparing the pros 3 mixture one part of starch was allowed 
to soak for about one-half hour in five parts of cold water, after 
which time the mixture was warmed to between 170 and 175° F, 
while stirred continuously. It was kept at this temperature until 
' the starch had swollen to the proper extent, and then was cooled. 
| When used with rosin size, the starch was added to the beater after 

the rosin size and before the addition of the alum. When used 
alone, the starch was added at the same stage of the beating. 


(b) SURFACE SIZING 


a For surface sizing, glue and starch were each used. The glue was 
'  ahigh-grade hide glue with 331-grams jell strength, 87-millipoises vis- 
cosity, and 6.2 pH value.* The sizing bath was a 4-percent solution 
containing alum, and was maintained at approximately 130° F. 
The paper was passed through the heated solution, then between a 
pair of squeeze rolls to remove excess sizing solution, and dried in a 
festoon drier at a temperature of 110 to 120° F. The desired finish 
f | was imparted to the paper by supercalendering. 

fc 8 The procedure for surface sizing with starch was essentially the 
¢ same as that for sizing with lens except that no alum was added. 








A commercial starch prepared by a process of oxidation was used. 
In preparing the sizing solution, one part of starch was allowed to 
soak for one-half hour in four parts of cold water, and the mixture 
was then heated to 170° F. When proper swelling had taken place, 
1 sufficient water was added to make a 4-percent solution. 


VI. TEST METHODS 


The physical and the chemical tests were made in accordance with 
; the official paper-testing methods *® of the Technical Association of 
a the Pulp and Paper Industry. The pH was determined electro- 
metrically, using a quinhydrone electrode. 
4 § Division of Tests and Technical Control, U. 8. Government Printing Office, Washington, D.C. 


* Copies of the methods can be secured from the Technical Association of the Pulp and Paper Industry, 
122 East 42nd Street, New York, N.Y. 
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The relative stability of papers cannot be determined by analysis 
of the original papers alone. Too little is definitely known of the 
effect of any given combination of components on the aging of paper. 
Therefore the pertinent physical and chemical tests were applied not 
only to the original papers but to samples that had been submitted 
to an accelerated-aging test as well. This test is made at the Bureau 
by exposing specimens of paper to air at a temperature of 100° C for 
72 hours, and then determining to what extent the paper has been 
altered in folding endurance, tearing strength, alpha cellulose content, 
and copper number. A marked decrease in alpha cellulose (unmodi- 
fied cellulose) content and increase in copper number (a measure of 
degraded cellulose) are considered indicative of deterioration. A high 
degree of resistance to change in the heat test, particularly with 
respect to folding strength and alpha cellulose content, as well as 
copper number, are regarded as favorable indications of permanence. 
For further details of this test the reader is referred to previous dis- 
cussions of the method.” Although the test is only empirical and 
the time relation to natural aging is not known, Rasch and Scribner " 
found that results obtained by the test corroborated those obtained 
after a 4-year period of natural aging in differentiating the stability 
of papers. 


VII. ANALYSES OF RAGS AND HALF-STUFFS USED 


Analyses showing the purity of the various grades of rags used and 
the half-stuffs made from them are given in tables 2 and 3. The 
fiber samples were converted into disintegrated form before being 
submitted to the alpha cellulose and copper-number tests. 


TABLE 2.—Chemical-test data on rags used 








Alpha 
Types of rags — bons al Ash 

Percent Percent 
I OI i sini cctcdininntlitchiandidnkintnontbe ae tnnbidibhden cinta 98. 2 0. 18 0. 44 
Be iinscsndstatetr tenia BEE NESE PRE SE SP AIRE OE ETD 91.3 3. 57 . 62 
Muslin after being washed with boiling water_.....................-...-- 96.9 . 20 x 
EE ee a Se ee ea eae eee eee 90. 9 73 2. 75 
a I Se.  nneamisaeusnnmmngeaduleedl 97.3 . 32 3. 33 
No. 1 old whites__.......- PLR FTE a OEE UE PSR a Bee Eres ees ES 90.9 1. 28 74 
SE BE. gn livsiadecntinttlabuicenbch hin dciecctndielivctnty es daneud 89.0 1. 67 1,37 














It will be noted in table 2 that the muslin rags originally had a 
high copper number, no doubt due to filler or loading material in the 
cloth. The material was oupertety easily removed however, since, 
after being washed with boiling water, the rags had a high alpha 
cellulose content and a low copper number. The new rags were 
higher in cellulosic purity and were stronger than the old rags. Old 
rags are inherently less strong and of lower cellulosic purity because 
of the usage and repeated laundering of them. 

10 Accelerated-aging test for paper, BS J. Research 7, 465-475 (1931) RP352. Also, Estima!ing stability of 
paper by heating, Paper Trade J. 95 4, 28-30 (1932). Also, for previous reports, see Highly-purified wood 
fibers as papermaking material, BS J. Research 7, 765-782 (1931) RP372; A study of some factors influencing 
the strength and stability of experimental papers made from two different sulphite pulps, BS J. Research tl, 


7-23 (1933) RP 574. 
-4 Comparison of natural aging of paper with accelerated aging by heating, BS J. Research 11, 727-732 (1933) 
620. 
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FicurE 1.—New rag fiber, X 100. 





(Stock from head box, machine run no. 1,013 
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Figure 2.—Old rag fiber, * 100. 





Stock from head box, machine run no, 1,932. 
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The values given in table 3 show the degree of purity of the half- 
stuffs and the extent of modification of the cellulose in their prepara- 
tion. The relative quality of the rags is reflected in the half-stufls 
and, as will be seen later, in the papers made from them. 


TABLE 3.—Chemical test data on bleached half-stuffs made 











Alpha 
Coek : Copper 
Half-stuff cellulose Ash 
number content number 

Percent Percent 

Hosiery, muslin, and shoe cuttings. -_...............-.-----.----- 440 96. 7 0. 26 0. 14 
| SIRRERGS 2 ERT SEP, SASSER ays SIV cc OE Cae MyRee se ee has 441 97.1 - 22 . 16 
cnet ieee aialea kcal nh ecpeics abaipibiainbtenaeinashghb Wtbleihas:kaeheanbaddarlonis Gini 446 97.2 19 .19 
Rh UR dicate web wine Oanks ward an wa doatsanins «aba we ate, wee 451 97.7 . 21 15 
BIO. <cekd eee scnnnvoscsnwuiendWarstebeambesteste settee. poss 452 97.3 - 22 13 
No. 1 white shirt cuttings. _.........___-_- RR Dra he WE, Se 439 96. 0 . 34 14 
Dv inkieere waive winhinls Grade aot eama ae : , 442 96. 1 . 24 .12 
Ds nheen > OM SES Oe ee | Sy Geeud, ‘ : 445 96. 2 .- 29 .10 

| ae ‘ ne oe , sch did , 449 96. 3 . 25 .10 
DGG bieateat acthbareecod Ie SE ee NOME. B52 450 96. 8 . 26 .18 
No. 1 old whites__ -_-- " Nieweencigee wean y 458 90.8 . 67 . 48 
ae ; sosiline cionaabaiin hs Lou snated se ra . 460 90.9 . 76 . 33 
EF BAR ‘ ey 2 seat a inlaek gle RSS ae ly, ‘ 462 91.2 . 67 . 44 
inated asda wh ce cusdcoiehaut baaceiundoke pi 466 91.0 . 76 2 
wren wel Gens sss A rock. distin cdéascewnveskwiianudban 457 86. 1 1. 46 . 38 
ERR 20 it ES gn Dep eee Soi in se ahs es dk te 459 85. 3 1. 60 . 25 
enya 3! RS Coa Ee Sh a ae Ee 461 87.4 1. 20 . 69 
Do.. nba ehikcd ae detde ks mphdieae Sampdaiek «Atos «eae Oona 463 84.3 | 1.70 .19 











VIII. DATA ON PAPERS MADE 


Data relative to the beater furnish, beating time, and condition 
of the beaten stock for each paper-machine run, and various measure- 
ments on the papers are given in table 4. 

After preliminary runs (nos. 991 to 993), in which beating time 
was varied to determine the optimum beating conditions, an eight- 
hour beating, with the method of roll manipulation given in table 1, 
was adopted as suitable to produce a high-grade commercial-type 
writing or bond paper from the new rags. This time was used for 
practically all subsequent runs on new rags. As a result of previous 
work in the Bureau mill on old rags, five and one-half hours was 
used for them. 

The condition of the fibers at the head box, that is, as the stock 
was ready to go over the wire of the paper machine, is shown in the 
photomicrographs, figures 1 and 2. Figure 1 is representative of 
the stock prepared from new rags, and shows the fibers to be long, 
clean, and well brushed out. It will be noted that this condition 
was not destroyed by the jordanning. Figure 2 shows the fibers of 
the stock prepared from the old rags to be shorter, more broken, and 
less fibrillated, as would be expected. The photomicrographs were 
made at a magnification of 100 diameters. 


1. UNSIZED PAPERS 


A series of runs of unsized papers in which the amount of alum 
added was varied were made to determine the effect of acidity on 
the stability of the papers. Tests were made on both original and 
heat-treated samples to determine the probable permanence of the 
papers. The test data are given in table 4, but the relative effects 
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of increasing amounts of alum are shown more clearly in figures 3 
and 4. The measurements on the heat-treated samples show that the 
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Ficure 3.—Effect of acidity on stability of unsized new-rag papers. 
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folding endurance, tearing strength, and alpha cellulose content 
decrease as the acidity increases, and that the copper number in- 
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Figure 4.—Effect of acidity on stability of unsized old-rag papers. 


creases. Figure 9 indicates that the addition of alum alone does not 
decrease the initial folding endurance of the paper, however. 
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P. 
} 
Run number Beater furnish Freeness Surface-sizing solution 
} 
Fiber compo- (Sizing materials (amount i 
sition based on dry fiber) Beat- Acid- gar. 
Paper | Sur aa j inte After At stock ba 4 Bursti a = Sc Re Bas 
g " . e 25 by ursting| bursting 
ma- face Un- ‘ at head pH Thick- 
chine | siz- |bleached ~ . = ~ — box | Glue | Starch | value — strength — ness | Ma | , 
a tings; | Rosin | Starch | Alum sheets weight qhine 4 
oO . 
_ whites? tion 
Double | D 
Percent | Percent | Percent | Percent | Percent | Hours PH | Percent | Percent Pounds | Points? | Percent | Inch folds f 
991 50 50 hiccutnind 9 42 ? STS SR ae pees Se 57.0 32 56.1 | 0, 0036 2, 900 ] 
991 | 271 [~~~ --~ | nna nnn|nnwn wana | wan nnnnn|-anwnnn =| --- 22 PS REGS ATR S41... 2) 34s 55. 5 54 97.4 | .00385| 4,400] 4 
O03 j.-----| Of fw 7 78 __f Be, eae MEE. “Dewi sn 56. 4 31 55.0} .0036 | 3,500) 1 
992 ERS pt eo ondniheesaimedaté «3 4 Be +4.5 56.7 58 102.1 | .0035 | 4,400] & 
8 |... ORE: WL ee as 13 66 gg DRIER ESTOS SIERC SY se al 53.2 31 58.3 | .0035 | 4,300) 2 
GUS} 218 |..2--secadon- 22 | onsecacnfansvagen|--cnsdwafscasntes |Uasoudacfmachocsnpousences 4}........| 44.5 58.0 61 105.0} .0035| 5,500] § 
O06 |. cccocd os ) DE, ce i ae ee 14 32 3 SAS Re 2 EAT: Seas 59. 2 35 59.0 | .00385 | 6,300) 2 
996 j------f ND. nn nh ndcceniiesedcheng sen 9 52 eS ose SaaS 58, 2 36 61.8 | .0087| 5,200] 3 
DUS | 218 |. - 2 - hr ance fn wets fvnnm ans feiee as ennfcceseegeissscmrenefnbe+-saejraecoree aerate’ 4.5 50.1 56 94.8 . 0034 5, 700 § 
015 | 1.5 9 | 62 31} +5.0 56.6 30 63.0} .0036 | 2,700 
57.7 50 86.5 | .0033 | 5,200; 3 
57.1 34 59. 5 . 0037 4, 200 2 
64.1 30 55.5 | .0035 | 2,400 
56. 6 33 58.3 . 0038 3, 000 
56. 5 31 64.9 | .0037} 1,200 
58.4 50 85. 6 . 0085 3, 200 1 
56. 6 32 66.5 | .0036] 4,000] 1 
67.9 57 98. 5 . 0035 4, 800 4 
58.1 32 55.0 . 6037 3, 900 1 
59. 8 57 95, 4 . 0035 4, 700 4 
58.1 32 55.0 | .0086 |} 3,600} 1 
59.0 55 93.2} .00386| 4,300/ 4 
56.0 31 55.4 . 0035 2, 400 1 
57.8 50 86.5 | .0036| 4,500; 3 
87.2 32 56.0 | .0036| 2,590 
58.9 46 78.0 | .0035 | 3,400; 2 
55.6 32 57.5 . 0037 1,900 
59.7 52 87.0 | .0035 | 3,200; 2 
55.6 31 55.7 | .0036 | 1,500 
57.9 52 90.0; .00385| 3,500; 2 
55.7 34 70.0 | .0035 | 4,800] 3 
58.8 61 103. 8 . 0035 4, 800 5 
55.1 41 74.4 . 0036 3, 200 3 
60.3 58 96.3 | .0035| 5,300; 4 
55.3 29 52.5 | .0035 | 3,100 
57.9 56 96.8 | .0034 | 4,390; 3 
56.0 48 85.8 | .0034 | 4,600} 2 
56. 6 32 56.5 | .0035 | 3,300; 1 
57.3 60 104.8} .0034]) 6,200) 4 
58.0 52 89.6 | .0035 | 5,300] 3 
56.1 29 51.6 | .0036| 2,600] 1 
58.1 54 93.0 | .0034 |; 4,900; 4 
58.7 49 83.5 | .0035 | 5,300] 2 
54.9 7 49.2 | .00388 | 1,300 
57.0 59 87.6 | .0035 | 3,500)| 2 
55.1 29 52.5 . 0037 1, 300 
56.1 48 85.5 | .00385 | 3,900/ 1 
55.1 30 54.5 | .0038 | 2,500 
59.0 49 83.0} .0985 | 3,700! 1 
56.7 27 47.6 | .0037 {| 1,700 
59.2 50 84.5 | .00386 | 3,300; 1 
| | 
2 | 50 ig eee SS te BSS 5.5 80 Paco colnet. - --| -encidbac 54.0 21 38.9 | .0039 24 
, .| 50 FE RE eS 1.5 5.5 79 44) 46.0 |...-..-.].---- | samen 54.5 20 36.7 | .0040 28 
U2 50 GE fiwccpntannnecenl 1.8 5.5 86 44 8S bo oe tuau- -|----<= 54.7 20 36. 6 . 0039 2 
02 |. Rteeeee i Moe i COR ERY KE ee I Gad al a iowsiela dike simak SB iuewn..--| £47 58.0 36 62.0 . 0036 115 
1,028 |....-. 5O | |B eer ae cota 2.8 5.5 93 42 ee D fcc caeees----)--. 45025 55.0 19 34.6 . 0040 25 
1,028 | 208 fics. cnn] wns ao beak ees os ao aiken pees Dich digs eit] Latina oui i Ba 44.7 58.0 37 63.9 | .0037 92 
1, 02 es 50 50 » eet Wires a 1.3 5.5 91 & 1: A081 55.1 20 36.3 | .0040 31 
1, 029 > ae Reena QR: EME ee BSH Sk BRR PICS eee Me 4 }.. +4.7 56.0 32 57.1 . 0036 106 
1, Ost 50 50 ee ers 18 5.5 96 46 OS ESI Ss i SE Spee 56.7 19 33.5 . 0040 25 
1, O36 GS sti as P Hes. oo SER Ra am STS FT SPR PR eels rnb hc See +4.7 57.9 32 55.3 . 0037 98 
1, ( z 50 50 a See 2.1 5.5 yy OT } 2:44 few TS SEE 55,1 19 34.5) .0040 20 
1,0 906 1 oo cack See es 3 nas Da on on) een cee eeaee DR iiin. +47 56.8 28 49.3 . 0038 41 
50 50 | Bas REST 3.1 6.5 105 $6} #40 #2... | Ee ae 55. 5 19 34.2! .0040 20 
207 EE HOE: SN TAO FO SE Ca S ee ARPES ee ES i ae +47 57.0 28 49.1 | .0039 47 
caiman Seas 5 1.3 5.5 100 Oe ey Bn n----] 020 54.7 24 44.0} .0041 48 
yt ee roms Sc SREARES OCR: ek AR ee, CRS i: GREE; Sic. +4.7 60.3 38 63.0 | .0039 151 
REGS 50 50 1 5 1.5 6.5 103 48} +4.8 |.-..--.. ee -~-}-. swecne 57.0 23 40.4} .0044 57 
Reman el ere Me LR a Ap SS eR: pee Sy REM a +4. gO 36 62 0 |. 0020 


















































—Data on unsized, beater-sized, and surface-sized rag papers 
PAPERS MADE FROM NEW RAGS 


























































































































Physical tests of papers ® Chemical tests of papers Heat tests of papers ® 
Folding ondur- Tensile properties Bi .- Water resistance Sizing materials Acidity | | 
pony aod sueitis | Sishenie 
mane - | strengt ) ’ 
Alpha |Copper * at. 2 Decrease in 
‘ Elongation at oO Ash cellu- | num- | 82ce in per, | in alpha | coppet 
Ma- | cross secre iat rupture Ma | Cross ity Dry ie- | Curl Extech | Fiber | or op | 1? | OF Rinitiat | initial tee | ee 
i r P - »H oF content 
Sirec: —_ direc: | direc: method, | ethod, Resin | Glue | Starch | “Fran |SUSPED-| eriract strength | strength 
tion on | Machine| Cross | Machine} Cross | tion 21° C method 
direction | direction | direction |direction 
Double | Double Kilo- Kilo- Per- | 
folds | folds grams grams | Percent | Percent | Grams | Grams |Percent | Seconds | Seconds | Percent | Percent| Percent | Percent| Percent? | cent 7 Percent Percent 
2,900 | 1, 400 7.5 4.3 3.5 8.0} 105 95 RRR Sesae eae “EE My i= aeRO Konaeeh 0.011} 0.006} 6.4] 97.8| 0.27 112 104 0.16} 0.03 
4,400 | 4,000 11.0 6.0 4.8 10.2 98 95 77 24 21 24 : . 036 . 038 5.9 97.6 .27 7 93 .12 | WM 
3,500 | 1,100 7.1 4.3 3.0 7.0 109 114 RR “Eagan re ll .012 . 006 6.3 97.7 25 127 100 . 20 05 
4,400 | 5,200 10.1 6.6 4.4 9.4 96 100 74 10 12 . 26 . 046 , 036 5.5 97.5 32 88 87 41 | 08 
4,300 | 2,000 6.8 3.9 3.0 8.0 128 yt SRE. RRS EN Se Tec aia 10 013 . 008 6.1 98.0 23 93 100 |. : 
5,500 | 5,400 11,6 6.8 4.4 9.9 107 110 74 ll 10 . 22 . 048 . 030 5.4 97.6 . 25 90 101 -11 | .10 
6,300 | 2, 400 8.0 4.2 3.5 10.0 155 Oe ie Bie oe ds .12 012 . 009 6.2 98.9 14 104 | 
5,200 | 2,300 8.2 4.5 3.0 8.0 126 126 (|S RECS SES .37 015 . 010 6.4 98. 6 . 20 112 109 —.10 | . 03 
5,700 | 5, 000 11.6 6.0 4.2 10.0 121 119 71 16 18 2 2 5.7 98.9 .17 87 | 06 . 84 | . 10 
2, 700 720 7.3 4.3 3.0 7.5 134 126 79 14 ll 54 rae 5.1 97.5 46 111 92 2. 67 | 53 
5,200 | 3, 500 9.4 5.8 4.5 10,2 117 116 76 22 20 44 5.0 97.2 51 85 92 1,02 | 40 
4,200 | 2, 100 7.4 4.4 2.5 7.0 108 111 + 2 eRe MER aaeNE 09 6.0 98.0 24 89 98 0 | 0 
2, 400 930 6.9 4.1 3.0 7.0 102 98 ho RY SOR .42 4.9 97.5 25 86 90 60 ! 
3, 000 820 7.4 4.2 2.5 7.5 104 103 SS Hea: OE EE .12 6.1 97.8 27 114 110 | 10 { 
1, 200 440 6.9 4.4 2.9 7.0 112 113 81 13 10 82 5.1 97.7 41 117 88 2. 90 48 
3,200 | 1,600 9.7 6.1 4.3 8.7 98 79 21 21 EGS, | See SRK eae ys ee 5.0 96.0 59 85 95 63 | 1 
4,000 | 1,200 7.5 4.1 2:9 7.9 115 112 - RRS Rese TES 27 ee en ae . 039 040 4.9 97.3 21 92 99 83 | 
4,800 | 4,100 11,4 6.1 5.0 9.4 100 106 73 15 14 38 15 , <  : S 070 076 4.8 97.5 26 82 94 26 | 
3,900 | 1,500 7.4 4.2 2.9 7.9 121 118 tes ee 2 27 PO CST Saale 044 049 4.3 97.3 32 89 97 1.19 
4,700 | 4,600 11.8 6.3 5.1 9.4 112 119 77 19 17 .2B 14 SEES . 064 088 4.6 97.6 28 74 88 39 
3,600 | 1,400 7.4 4,2 2.8 2 117 121 ., £ Sr es Ea . 32 SS 053 053 4.2 98. 0 26 68 80 2. 30 
4,300 | 4,500 11.0 6.3 4.7 9.6 103 114 22 21 23 15 Ree 065 080 4.8 97.6 32 7 93 79 
2,400 | 1,100 7.0 4.5 2.5 7.2 113 121 79 16 10 29 oe 5 ae . 028 0 5.8 98. 4 33 96 94 2. 00 
4,500 | 3,490 9.3 5.7 3.6 7.4 104 114 78 25 23 41 1. . 036 028 5.6 98. 5 42 7 7 1, 67 
2, 590 740 7.4 4.4 27 7.0 122 120 79 22 15 33 1; . 036 032 5.2 97.7 37 92 88 2.90 
3,400 | 2,400 9.5 5.8 3.8 743 107 122 74 28 24 .43 1. . 050 0 6.2 97.5 44 66 87 2.19 
1,900 580 7.3 4.6 2.9 7.2 103 107 80 21 15 .30 1. . 060 |_- 4.7 7.2 43 95 R89 4, 20 
3,200 | 2,100 9.9 5.8 4.6 7.5 111 111 75 21 44 1. 063 |__.. 4.7} 97.2 48 56 85 1.61 | 
1,500 590 7.0 4.0 “3 6.2 114 116 81 14 10 33 . 068 0 4.5 96.7 47 89 91 | 4.60 | 
3,500 | 2,500 10.1 6.0 4.0 71 106 117 75 29 24 46 . 063 072 | <J8e7 96.7 45 62 0 | 1. 98 i 
4,800 | 3,600 8.5 5.2 2.9 8.8 102 114 75 4 3 14 . 022 022 6.0 97.6 23 87 103 1. 20 " 
4,800 | 5,000 11.7 5.9 4.7 8.7 107 117 73 27 21 .48 . 036 032 4.7 97.8 42 7 85 01 | Of 
3,200 | 3,090 8.2 5.2 3.0 8.0 112 120 73 12 10 .16 . 032 02 5.2 98.7 24 85 86 54 | 29 
5,300 | 4,700 11.2 6.5 4.8 8.5 114 115 74 29 .29 . 038 034 5.1 98. 8 29 66 82 56 2 
8, 100 740 7.1 3.8 2.5 7.5 117 110 77 2 2 .10 019 oll 6.1 98.3 20 110 98 15 { 
4,390 | 3,400 10.0 5.5 4.9 10.3 100 102 75 10 ll 18 ' 3 ae 5.0 98.3 37 96 94 | 14 | $ 
4,600 | 2,500 9.4 5.2 4.5 9.4 100 103 - @ ROR “EAE 05 a 1....- 5.8 98.3 25 102 97 | 27 | 
3,300 | 1,700 y | 4.5 3.2 7.5 103 114 79 6 4 ‘ . 032 034 5.3 97.6 33 102 100 66 | 
6,200 | 4,400 11.9 6.5 5.2 9.6 104 106 73 22 20 .19 . 4.8 97.5 49 92 95 16 | } 
5,300 | 3,700 9.8 6.1 4.9 9.3 107 lil 76 14 13 45 6 Epaacnass 2.01 , (aoe 5.3 97.6 - 36 95 Ss 12 | 
2,600 | 1,100 7.1 4.4 3.1 7.0 112 119 79 10 8 BS ae Meas Sere - 032 034 6.3] 97.6 35 101 99 | 85 | Mi 
4,900 | 4,000 9.9 6.3 4.9 9.8 Q1 74 21 20 36 1. 02 tT eee 042 |... 5.0 97.6 .40 81 7 67 | 27 
5,300 | 2,900 9.1 5.7 4.5 9.3 110 113 76 16 16 . 54 SAE Bcc ane 1.76 2 < Se 5.4 97.4 43 93 | 96 50 | 20 
1, 300 190 6.7 3.6 2.4 6.5 109 115 82 13 11 46 i Ee, CNS SS | 6.0 95.9 56 106 97 2.96 | 57 
8,500 | 2,300 9.8 5.3 4.4 9.1 98 95 81 25 17 49 1.70 BE teecane ‘ edinivw at 5.0 97.0 63 69 | 104 1, 56 45 
1, 300 220 6.9 3.5 2.4 7.0 118 112 80 16 14 6 Rp Ais tikka stetcunien > » See 5.0 96. 5 50 97 90 | 2.79 | 68 
3,900 | 1,500 9.7 5.4 4.0 8.8 100 105 79 27 18 . 4 1,78 See Wdcwsans . 060 |... 4.9 97.0 64 70 90 | 1.91 | 54 
2, 500 330 7.3 3.9 2.6 7.4 19 121 83 16 il Pe 048 |______- 49] 96.3 60 100 95 | 2.07 55 
3, 700 1, 800 9.6 5.7 4.1 9.6 110 120 80 29 20 . 53 1. 64 eres sur {.... 4.9 97.0 55 89 85 | 1, 55 4 
1, 700 200 6.8 3.9 2.5 7.0 118 116 84 16 ll 3. 10 A 3 aii ZS oe 4.7 97.5 53 108 89 | 2.77 6 
3,300 | 1,509 9.3 5.9 4.2 8.5 101 105 82 29 19 3.11 1,61 Bi Vndinn ioc Cee Lecce 4.7 97.8 51 66] 92 1. 62 55 
| | 
PAPERS MADE FROM OLD RAGS 
| } 
24 19 4.5 3.2 2.2 4.8 50 53 85 2 1 geen se Bade cl. co uaen YE 6.9 89. 6 1.16 93 110 | 65 | 10 
28 16 4.8 2.8 2.3 4.9 56 53 84 1 1 57 8 PS Re 004 |__.... 6.3 90.0 1.13 96 96 | 1.14 
28 13 4.7 2.7 2.5 5.2 53 51 84 1 1 41 PAE Se i) eae 4.4 89. 1 1.23 80 90 2. 37 i 
115 84 7.1 4.9 3.6 6.0 47 45 83 21 16 . 52 47 oS eee 094 |.....- 4.5 89.7 1.40 64 92 2. 02 l 
25 16 4.5 3.2 2.5 4.7 51 54 S4 1 1 . 55 ci SERS. Tae Rf SO 4.2 88.7 1,19 66 82 4, 26 43 
92 106 6.7 §.2 3.6 5.9 46 47 82 21 14 4 54 Mae fidldcsw ce See 4.3 89.2 1.41 59 93 98 15 
31 14 4.5 2.7 2.3 4.8 57 56 84 8 5 . 59 tS Oe, eee , ee i....- 6.8 89.3 1. 36 80 90 1,27 43 
106 52 6.6 4.1 3.4 6.4 49 46 85 18 15 x 2. 07 2 See - 5S, 5.4 89.3 1.53 64 93 2. 50 36 
25 13 4.7 2.8 2.4 4.9 58 57 84 15 il 74 gh See 061 |_.- 5.3 89.0 1. 47 82 88 3.75 59 
ys 57 6.4 4.6 3.4 5.7 49 50 84 19 . 1.99 6 Renee . 4.9 88. 4 1, 65 50 92 2. 86 49 
20 14 4.4 2.9 2.2 4.4 56 56 86 17 12 51 2 ACES RRR 3 ea 4.7 86.8 1,52 80 85 4.12 73 
41 34 5.5 4.2 3.3 5.2 49 50 85 17 15 ‘ 1,35 ee <3 4.7 86.3 1, 67 59 84 4. 36 7 
20 13 4.1 2.7 2.1 4.4 58 58 87 15 li . 64 Sf See Seema . 090 j....-. 4,4 87.2 1.31 81 R4 6. 02 . 83 
47 35 6.6 4.3 3.1 5.3 53 54 84 21 7 . 61 1.96 BU Beiisrwsins 3 4.4 88.0 1,52 52 7 4. 53 67 
48 38 5.0 3.4 2.6 5.2 55 57 84 3 2 .38 Sb ee ‘ . )_ 6.2 91.3 - 95 79 Ot 1.79 .16 
151 129 7.1 5.3 3.5 6.2 52 55 84 24 18 44 \ 3. 55 1.10 | 4.81) 92.4 1, 32 6. ¥ 
57 32 6.5 3.6 2.6 5,1 g U 5 
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1 New rags were mixture of unbleached rags (hosiery, muslin, and shoe cuttings); old rags were twos and blues. 


? New rags were no. 1 white shirt cuttings; old rags were no. | old whites. 
3 Bursting pressure in pounds per square inch throug) a circular orifice 1.2 inches in diameter. 
‘ For test specimen 15 mm wide and 90 mm between jaws. 

+ For test specimen 15 mm wide and 100 mm between jaws. — 

¢ All physical tests made under conditions of 65 percent relative humidity and 70° F. 
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There was no appreciable yellowing of the unsized papers in the 
72-hour heat treatment at 100° C. 

Although there was a difference in the folding endurance in the 
machine and cross directions of the experimental papers made from 
new rags, this condition appears to be common to all papers made 
from cotton rags, as is also generally the case with other fibers. 
The commercial unsized papers tested showed the same lack of 
uniformity. The surface sizing, however, tends to even the folding 
endurance in the two directions of the sheet. 

The folding endurance of some of the heat-treated papers was 
greater than that of the corresponding original papers. This has 
been noted by other observers also, not only for heat-treated papers 
but for papers after natural aging as well. The cause of this seeming 
inconsistency is probably that the papers were tested too soon after 
being made; they had not had time to reach a state of equilibrium. 

In general, the agreement between the pH values of the water 
from the stock at the head box and of the extract of the finished 
paper was fairly good. The greater differences were noted around 
the neutral point; closer checks were obtained at the lower pH values. 
Since the completion of the tests it has been found that around the 
neutral point, better agreement is obtained with a glass electrode. 
In future work a glass electrode will be used when the pH approaches 7. 


2. BEATER-SIZED PAPERS 


In studying the effect of rosin size on the properties of the rag 
papers a number of machine runs were made in which the amounts 
of alum and rosin size used were varied, while the factors involved 
in the mechanical operation of the beater and paper machine were 
kept constant. The pertinent papermaking data and the results of 
tests on the papers produced are given in table 4. 

The results of the runs, in which the amount of rosin was varied 
but the acidity kept practically constant, are shown in figures 5 
and 6. The curves indicate that the presence of any appreciable 
amount of rosin—over 1 percent for new rags; less for old—caused 
a very decided increase in copper number and decrease in alpha 
cellulose content on oven aging. There was some decrease in fold- 
ing endurance and tearing strength of the papers made from new 
rags, but the initial folding endurance and tearing strength of the 
papers from old rags were so low that the decrease for the heat- 
treated samples was not pronounced. 

The test data on the runs, in which the amount of rosin was kept 
constant at 2 percent and the amount of alum was varied, are shown 
graphically in figures 7 and 8. The curves show that as acidity 
increased, folding endurance and tearing strength of the heat-treated 
samples decreased moderately, whereas there were decided changes 
in the copper number and alpha cellulose content. All the rosin- 
sized papers were yellowed by the heat treatment, the amount of 
color change increasing with increasing amounts of alum. 

In general, the initital folding endurance of the rosin-sized papers 
was less than that of the unsized papers. The initial folding strength 
of the rosin-sized papers (sized with 2 percent of rosin) decreased 
as the amount of alum was increased (see fig. 9). That is, with the 
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Figure 5.—Effect of rosin (pH of stock constant) on stability of new-rag papers. 
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Figure 7.—Effect of acidity on stability of rosin-sized (2 percent of rosin) new-rag 
papers. 
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Ficure 8.—Effect of acidity on stability of rosin-sized (2 percent of rosin) old-rag 
papers. 
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same rag stock and the same beater roll manipulation, the original 
folding strength of the paper made without rosin (unsized) was 
greater than that of paper containing rosin; and as the alum content 
was increased the original folding strength of the paper decreased 
if rosin was present. 

The necessity for employing only minimum amounts of rosin and 
alum in the sizing of papers intended to be used for permanent 
records is now generally recognized. The optimum pH value for 
combining high stability with adequate sizing is approximately 5.0. 

In regard to acidity, Dr. Minor ” makes the following statements: 
“Today, all papers made for quality or for any considerable life 
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Fiaure 9.—Comparative folding endurance of unsized and rosin-sized new-rag 
papers of varying acidity. 


span are made to definite pH specifications which should be con- 
trolled throughout the process. * * * Today a pH of 5.0 for 
the water extract of paper has been rather widely accepted as a safe 
lower margin for papermaking.” 

Although coloring materials were not used in the study of the 
rag papers made at the Bureau, the control of pH is very important 
in the adsorption of dyes by cellulose and fillers, and the pH stated 
above as optimum for combining high stability with adequate sizing 
appears to be compatible with conditions favorable to the adsorption 
of dyes. Soderberg in his work on Factors Governing Absorption of 
Dyestuffs by Paper Fibers “ states, “Tests were made using various 
representative dyes and it was concluded that with the exception 
of pigment dyestuffs the majority of colors react most favorably 


12 Jessie E. Minor, Chemical control in paper manufacture, Paper Trade J. 99, 20, 45-48 (1934). 
18 Paper Trade J. 97, 21, 30-45 (1933). 
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to an acid condition of from pH 4.5 to 5.5 produced in the presence 
of rosin size and aluminum sulphate. Speaking generally, anything 
below the range mentioned produced a deadened shade, while above 
the 5.5 figure the colors were not entirely absorbed.” Roberts “ 
found that the pH values at which different dyestuffs show maximum 
color strength vary considerably, and that no one pH can be estab- 
lished for all groups of dyestuffs. The optimum pH values given 
for the different colors tested were, however, between 4.6 and 6.0, 
with the greater number between 5.0 and 5.7, which are satisfactory 
values as far as permanence of the finished paper is concerned. 

Beater starch, manufactured commercially te an oxidation process, 
was added to the beater for two runs, nos. 1,008 and 1,009, for new 
rags, and two runs, nos. 1,033 and 1,034, for old. For one run in 
each case rosin size was not used, and for the other 1 percent was 
employed. Data relative to the papers are given in table 4. In 
general, the starch increased the bursting strength, tensile breaking 
strength, and folding endurance of the papers made from new rags, 
but had little effect on those made from the old. The starch did not 
have a deteriorating effect on the stability of the papers in the heat 
test. 

Clay was included in the furnish for one run, no. 1,041, and the 
measurements on the paper made are further evidence of the gen- 
erally accepted statement that inert mineral fillers may be safely 
added to beater furnishes for permanent record papers. 


3. SURFACE-SIZED PAPERS 


Results of tests on the unsized and beater-sized papers after they 
were surfaced sized are also given in table 4. In most of the surface- 
sizing runs a 4-percent glue solution was employed, but a 4-percent 
starch solution also was used for one group of three papers of varying 
rosin content, and in the case of old rags three papers were treated 
with an 8-percent glue solution as well. Complete data relative to 
the sizing solutions are included in the table. 

The relative stability of the papers was not materially affected by 
the surface sizing. The surface-sized papers showed the same gen- 
eral trend as the base papers, but to a lesser degree. As the amount 
of alum in the rosin-sized papers, or the rosin content of the paper, 
me increased, the deterioration of the surface-sized paper increased 
also. 

The relative stability of the surface-sized and the base papers is 
shown graphically in figures 10 and 5, respectively, for one group 
of papers of varying rosin content. The stability of the surface-sized 
papers as measured by the heat test was in the same general direction 
as that of the base papers before being surface sized, although the 
surface sizing seems to have served as a protective material and to 
mei retarded the change in alpha cellulose content and copper 
number. 

The foregoing shows that careful processing of raw materials and 
purity of fiber in respect of active chemical components are necessa 
for the manufacture of stable papers. Resistance of paper to deteri- 
oration from internal causes is not sufficient to insure its stability 


\ Paper dyeing, Paper Ind. 14, 6, 313-315 (1933). 
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however. The conditions of its use and storage are as important as 
the initial quality of the paper. For discussion of external deteriora- 
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Figure 10.—Comparative stability of surface-sized new-rag papers of varying rosin 
content. 
(See fig. 5 for base papers.) 


tive agencies—light, temperature, humidity, acidic pollution of air— 
and recommendations as to storage conditions for prolonging the life 
of paper, the reader is referred to a previous Bureau publication.” 


IX. SUMMARY 


The relations of the cellulosic purity of the particular grades of 
rags used and of the processing treatments employed to make them 
into paper, on the stability, as indicated by the heat test, and on the 
— of the rag-fiber writing papers made, were found to be as 
follows: 

1. The new rags had a higher degree of cellulosic purity and were 
stronger than the old rags. These differences were reflected in the 
papers made from the rags. The new-rag papers were very stable 
and very strong when properly made, while the old-rag papers were 
less stable and were weak. 

2. In the preparation of the half-stuff the cellulosic purity of the 
rags was not changed much, but in general was improved somewhat. 

3. The beaten fibers from the new rags were long, clean, and well 
fibrillated; those from the old rags were shorter, more broken, and 
less fibrillated. 

4. In general, rosin sizing decreased the folding endurance some- 
what, but had little effect on bursting, tearing, or tensile breaking 
strength. 


on Summary Report of Bureau of Standards Research on Preservation of Records, Misc. Pub. BS 
144 (1934). 
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5. With increasing amounts of rosin at pH 5, the folding endurance 
and tearing strength decreased somewhat when the papers were 
heated, and there was a decrease in alpha cellulose and increase in 
copper number. These changes are evidences of deterioration. 
They were noticeable at about 1-percent rosin content for the papers 
prepared from new rags and at a somewhat lower content for those 
made from old rags. All the rosin-sized papers were yellowed by the 
heat treatment, the degree of discoloration depending on the amount 
of rosin and the degree of acidity. 

6. Increase in acidity of unsized papers had little effect on their 
strength, but caused decrease in the folding endurance of rosin-sized 

apers. 

‘ P With increasing amounts of alum and resultant corresponding 
increases in acidity, as measured by pH, with constant rosin content 
of 2 percent, the folding endurance and tearing strength decreased 
moderately when the papers were heated, and there was a decided 
decrease in alpha cellulose and increase in copper number. These 
changes in cial cellulose and copper number accelerated at acidities 
below pH 5. Of papers of the same acidity, those having the lower 
content of rosin were the more stable. The effects of acidity resulting 
from the use of alum were similar for the two kinds of rags. 

8. In general the starch beater sizing increased the bursting 
strength of the papers made from new rags but had little effect on 
those made from old. Other investigators have found that starch 
does not always increase the strength of papers. The starch did not 
have a deteriorating effect on the stability of the papers in the heat 
test. 

9. The increased strength imparted to the paper by surface sizing 
(with glue or starch) was largely lost in the heat test. In general, 
surface sizing did not materially affect the papers of high stability, 
although it seems to have served as a protective surface which 
retarded chemical deterioration of the less stable papers. 

10. Clay filler, used in one paper only, had no effect on the stability 
of the paper. 

It is believed that these results were secured with representative 
raw materials and processes obtaining at the time the work was done, 
which was during the years 1933-34. 

It should be emphasized that the purpose of the work was to 
correlate the properties of the rags with the properties of the paper, 
when the paper was made by the methods and with the equipment 
described herein. If a better grade of old rags had been used, or if 
the process of manufacture had been modified, the qualities of the 
papers might, of course, have been different from those found. 


The authors are indebted to John O. Burton and E. E. Creitz, of 
this Bureau, and to Royal H. Rasch, formerly research associate at 
this Bureau, for the Brown Co., Berlin, N. H., for chemical tests of 
the rags, half-stuffs, and finished papers, and to Miss M. L. Rollins, 
of this Bureau, for the photomicrographs., 


WasHINGTON, February 4, 1935. 
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EFFECT OF ANTIOXIDANTS ON THE NATURAL AND THE 
ACCELERATED AGING OF RUBBER 


By Rees F. Tener and William L. Holt 


ABSTRACT 





Five different rubber compounds, in each of which were incorporated different 
antioxidants, were subjected to the following five conditions: (1) Dark storage, 
(2) weather exposure, (3) air at 70° C, (4) air at 90° C, and (5) oxygen at 300 
pounds pressure per square inch at 60° C. Tensile-strength tests were made on 
these compounds at suitable intervals. The periods of exposure ranged from a 
few days in the case of high-temperature tests to seven or eight years under 
conditions of dark storage. The results are shown in graphs which consist of 
10 sets of tensile-strength-time curves. Two means are suggested for expressing 
the effectiveness of antioxidants numerically—a time index, which is a measure 
of the increase in time during which a rubber compound will remain serviceable, 
and a tensile index, which is a measure of the improvement in average tensile 
strength when compared with samples containing no added antioxidant. The 
effectiveness of antioxidants varied between wide limits, depending upon the 
type of compound, the particular antioxidant used, and the conditions of exposure. 
A comparison of the indexes obtained by different accelerated tests with those 
obtained under some conditions of natural aging affords a means for choosing an 
aging test best suited to a particular rubber product. 
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I. INTRODUCTION 


This paper describes a study of the effect of several commercial 
antioxidants on the deterioration of typical, soft rubber compounds 
when exposed to the weather, stored in a dark cabinet at room tem- 
perature, and subjected to accelerated aging in air, and in compressed 
oxygen at elevated temperatures. The tensile strength of the rubber 
at break is taken as a measure of the deterioration. ‘The results have 
been interpreted in terms of the improvement in tensile strength and 
the increase in the useful life of the rubber afforded by the antioxidant. 
The value of a given antioxidant is found to vary with the compound 
in which it is used and with the conditions of test. Under some cir- 
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cumstances the antioxidant has little effect on the rubber, but under 
other conditions it may increase the tensile strength and lengthen the 
life of rubber to a marked extent. Broad comparisons between anti- 
oxidants are not possible because the manner in which each antioxi- 
dant functions depends on specific conditions and no single material 
appears the best under all circumstances. The word antioxidant is 
understood, in the practical sense, to mean a substance that is added 
to rubber to increase its useful life. 

Natural rubber contains certain substances which, though present 
in very small amount, afford a high degree of protection against 
oxidation. Indeed, when these natural antioxidants are removed the 
useful life of rubber is a matter of only a few days. Methods have 
been devised for separating these materials from crude rubber, but 
their chemical identification is not yet definite or complete.' 

The antioxidants which are the subject of this investigation are 
synthetic organic materials that are unrelated to the natural anti- 
oxidants in chemical structure. They also are less effective than the 
natural antioxidants, since they are used in amounts of the order of 
1 percent, while the natural antioxidants in crude rubber do not 
exceed 0.1 percent of the total. 

In studying the behavior of synthetic antioxidants, rubber which 
contains the natural antioxidants was compared with the same rubber 
to which a synthetic antioxidant had been added. 

A complicating factor in the investigation is the fact that the sub- 
stances investigated have other than purely antioxidant functions. 
Some of them are also accelerators of vulcanization, and conse- 
quently affect the optimum time of vulcanization and change the 
physical properties of a vulcanized compound. Conversely, some 
of the accelerators used in the rubber compounds served not merely to 
speed up the vulcanization reaction, but had distinct antioxidant 
activity as well. In order to evaluate these dual functions, anti- 
oxidants having varying acceleration activity and accelerators having 
varying antioxidant power were selected. 

References to previous investigations may be found in a recent con- 
prehensive review on the subject of the accelerated aging of soff, 
vulcanized rubber.? The contribution of the present paper consists 
of data pertaining not only to accelerated-aging tests, but also te 
natural life tests extending over as much as eight years. These data 
are interpreted so as to yield numerical factors expressing the improve- 
ment in tensile strength and the increase in the useful life of rubber 
which result from the employment of antioxidants under specified 
circumstances. 


II. ANTIOXIDANTS AND RUBBER COMPOUNDS 
EMPLOYED 


The antioxidants used in this investigation were selected from 
commercial antioxidants that were fis when the work was 
begun. ‘They were purchased under trade names, but are here desig- 
nated by their chemical names. The identification was based 
statements by the manufacturers or on information from other 
sources believed to be reliable. 


1H. A. Bruson, L. B. Sebrell, and W. W. Vogt, Isolation of the natural oxidation inhibitors of crude Haw 


rubber. Ind. Eng. Chem. 19, 1187-1191 (1927). 
2T. R. Dawson, The Research Association of British Rubber Manufactwrers, Information Bureau J. 3 


51-96 (May, June, July, and August 1934). 
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No analyses were made of the antioxidants nor was their purifica- 
tion undertaken since the aim was to study the performance of the 
commercial materials when used in accordance with instructions 
furnished by the manufacturer. 

A list of the antioxidants employed is given in table 1, together with 
information about their form, and the color which they impart to 
rubber. Inasmuch as the chemical names of the antioxidants are 
cumbersome, letters are given in this table, which will be used to 
refer to the antioxidants in the subsequent discussion. 


TABLE 1.—Antiozidanis employed 





Designa- sie Effect on light-colored 
nation Antioxidant suber 





Aldol-alpha-naphthylamine Slight coloring. 
Acetaldehyde-aniline reaction product Distinct coloring. 
a de-aniline derivative Decided darkening. 
.| Diphenylethylenediamine Slight coloring. 

.| Mixture of "sap Ste: caclamebeer cot pammaaand meta-toluylenediamine, and | Decided darkening. 
stearic acid. 











Five rubber compounds were used. These were compounded at 
the Bureau, and were formulated with a view to representing widely 
different types of rubber compounds, and comprised the following: a 
simple rubber-sulphur mixing, a pure gum compound made with an 
ultra-accelerator, a whiting stock, a carbon-black tread stock, and 
a compound containing carbon black and reclaimed rubber. The 
accelerators were selected to show a range of antioxidant activity and 
included diorthotolylguanidine and diphenylguanidine, which are 
regarded as having no antioxidant activity, hexamethylenetetramine, 
which has moderate activity, and tetramethylthiuram disulphide, 
which markedly improves the stability of rubber. The formulas for 
the respective compounds are shown in table 2, while in table 3 the 
amounts of the various antioxidants used in each are given. As 
indicated previously, the latter proportions are based on recom- 
mendations made by the manufacturers at the time this work was 
undertaken. 

The periods of vulcanization of the various compounds are shown 
in table 4. 


TABLE 2.—Composition of base rubber compounds (in parts by weight) 





Rubber compounds 





Ingredients 





Smoked sheet rubber 


Zinc oxide 

bE ae RRR Sha RG IRR 
Carbon black (Micronex).............-__.--_._-- 
“Mineral rubber’’__ Sot Rue Ream 

Reclaimed rubber_....___- 


Ly eee 
Diphenylguanidine 
Hexamethylenetetramine 
Tetramethylthiuram disulphide 
Diorthotolylguanidine 























670 Journal of Research of the National Bureau of Standards {va. y 


TABLE 3.—Amounts of antioxidants added, in percentage by weight of the rubber 
in the base rubber compound 





Rubber compounds 





Antioxidant 


Ill IV 























1 Reclaimed rubber was calculated as 50 percent rubber. 


TABLE 4.—Conditions under which samples were vulcanized 





Tempera | Periods of vul- 


Rubber compounds 


Antioxidants 
employed 


ture of vul- 
canization 


canization 








Degrees C 
142 


Minutes 





20, 30, and 50 
25, 50, and 90 


B 
18, 23, and % 
a 
30, 37, and 45 


> 

& 

> PPo 
Seoery 
mOwOOn 














* Several different periods were employed. 


When this work was initiated, the removal of from 5 to 15 percent 
of the accelerator from a batch was suggested in order to compensate 
for the accelerating action of certain antioxidants. Additional mixes 


of compounds I and II, in which diphenylguanidine and hexamethyl- 
enetetramine were employed as accelerators, were made up with the 
elimination of a portion of the accelerators according to this recom- | 


mendation. 


The results, however, did not differ materially from |~ 


those obtained when the full amount of accelerator was used. With [7 


compound ITI, on the other hand, the addition of some of the anti- |~ 
oxidants had the effect of producing considerably higher initial tensile }~ 
strengths so that a comparison between a compound with and without 7 
an antioxidant was difficult. By deducting a portion of the accelera- 7 
tor, compounds of approximately the same initial tensile strength 7 
were obtained with and without antioxidants. Aging tests were 7 
made on compounds which had been altered in this way and on those | 

which had not. In making comparisons, compounds having approxi- |7 
mately the same initial tensile strength were employed. i 

In compound IV, the rubber-sulphur mix, the accelerating effect of 7 
the antioxidants was more evident, since it was not superimposed on 
the effect of substances which are primarily accelerators. The opti- | 
mum vulcanizing time was altered so much by the antioxidants that | 
accurate comparisons are difficult or sce The results are not 
here reported, though some general observations regarding them are 
stated. 

The preparation of specimens with regard to both mixing and oun 
was done under conditions controlled to render the base compoun 
and the compounds containing antioxidants as nearly alike as possible, 
except in antioxidant content. 
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III. CONDITIONS OF TEST 


The test conditions were chosen so as to study the deterioration of 
rubber exposed to a variety of circumstances, including those of the 
familiar accelerated-aging tests. They comprised exposure to: 

(1) Air at prevailing room temperature in a dark cabinet, (2) sun- 
light and weather, (3) air at 70° C, (4) air at 90° C., and (5) oxygen 
under pressure of 300 pounds per square inch at 60° C. 

The dark-storage tests were made by suspending the samples in a 
cabinet located in a well-ventilated room. The sides of the cabinet 
consisted of black cloth, which permitted the circulation of air, but 
excluded practically all of the light. 

The weather-exposure tests were conducted by hanging sheets of 
the various experimental compounds on racks that were placed on the 
the roof of a building of the Bureau, which is situated in a suburban 
area. The sheets were suspended vertically in an east and west plane 
so that only one side was exposed to direct sunlight during most of 
the year. 

The tests in air at 70 and 90° C were conducted in an electric oven 
in which the air was stirred by means of a fan mounted at the bottom. 
The introduction of fresh air into the oven was secured by convection 
through open ventilators. 

The compressed-oxygen test differed from the test commonly 
required in specifications for rubber articles in that a temperature of 
60° C was employed instead of 70° C. The bomb in which the test 
was conducted was made from an iron pipe about 8 inches in diameter 
and 12 inches in length, and was mounted in a thermostatically con- 
trolled water bath. No detailed record was kept of the number and 
kinds of samples that were placed in the bomb together. The volume 
of rubber introduced into the bomb at any one time did not exceed 
3 percent of the volume of the bomb. When tests were being made 
at different time intervals, all the samples required were placed in 
the bomb at one time, and some were withdrawn at intervals until the 
longest aging period was reached. The samples used for the bomb 
test were 3- by 5-inch strips from which dumbbell-shaped test speci- 
mens were subsequently cut. 

The accelerated-aging tests were completed in six weeks or less. 
The sunlight- and weather-exposure test in some cases extended over 
eighteen months. In dark storage most of the samples deteriorated 
slowly, and after seven or eight years several lots of them had practi- 
cally their original tensile strength. The duration of the tests was 
sufficiently long in most cases to permit comparisons between different 
types of aging and to give data on the effectiveness of antioxidants. 


IV. INTERPRETATION OF RESULTS 


In order to simplify the presentation of results, measurements have 
been averaged wherever practicable. In some instances the measure- 
ments for different cures are averaged. In others, only the measure- 
ments at optimum cure are given. In condensing the bulk of data, 
care has been exercised not to average measurements in a way that 
might obscure trends or affect the conclusions. For compound II, 
the results are expressed as the averages of the measurements at the 
two shorter periods of vulcanization in one group and those at the 
longest period in another. 
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The results are presented graphically in figures 1 to 10. Each figure 
refers to one condition of aging and consists of two groups of curves 
representing two different compounds. The ordinates represent the 
tensile strength and the abscissas the time of aging. 

The mass of data presented is too great to admit of simple or easy 
interpretation by the usual method of making a visual inspection of 
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Fiacure 1.—Tensile-strength-time curves for compounds I and III under dark-storage 
conditions. 





Letter O indicates base compound (no antioxidant). A, B,C, etc., refer to antioxidants listed in table 1. 


the curves. This difficulty is accentuated by the fact that the curves 
are irregular and do not conform closely to any simple or well-defined § 
shape. For this reason quantitative means of evaluating the effect of 

antioxidants were devised on the basis of comparisons of certain areas 
under the aging curves of compounds made with and without anti- 
oxidants, respectively. The improvement in tensile strength is called 
the tensile index, and the increase in the useful life is called the time 
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index. ‘These indexes are intended simply as practical expedients. 
They are not precisely determinable numbers, nor do they have any 


fundamental physical significance. 
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FicurEe 2.—Tensile-strength-time curves for compounds II and V under dark-storage 
conditions. 
| Letter O indicates base compound (no antioxidant). A, B, C, etc., refer to antioxidants listed in table 1. 
ge Subscript 0 indicates an overcured compound. 
i 1. TENSILE INDEX 
es | The tensile index is the ratio of the areas under the aging curves 
od of samples made with and without an antioxidant when a definite 
of mm beriod of aging is considered. Referring to figure 11 (A), the curve 
as ab represents the aging behavior of rubber containing an antioxidant, 
tie and the curve ac, the aging of rubber of the same composition con- 
ad taming no antioxidant. The ratio of the area abde to the area acde 
nw ‘epresents the improvement in tensile strength, during a definite 


time interval, resulting from the use of the antioxidant. If it is 
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assumed that the tensile strength is related to other practically useful 
properties, such as resistance to abrasion, the tensile index becomes 
a factor of general importance in evaluating antioxidants. In the case 
of automobile tires, for example, it is not necessary that the rubber be 
well preserved over the longest possible period of years. The majority 
of tires are worn out in two or three years, and the primary function 
of an antioxidant in tires is to maintain the rubber in the best possible 
physical condition during a relatively short and fairly definite period, 
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Figure 3.—Tensile-strength-time curves for compounds I and III under weather 
exposure. ee 











0 


Letter O indicates base compound (no antioxidant). A, B, C, ete., indicate antioxidants listed in table]. 
2. TIME INDEX 


For certain other types of rubber goods, however, the desideratum 
is to maintain the rubber in a reasonably good physical condition over 
the longest possible period of time, and in such cases the time index 
is the more suitable measure of the efficiency of an antioxidant. 

The time index is the ratio of areas between aging curves, and & 
line representing the minimum useful tensile strength of the rubber. 
In figure 11 (B), for illustration, mn represents the aging of rubber 
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containing an antioxidant, and mp the aging of rubber containing no 
antioxidant, and the line on arbitrarily represents the tensile strength 
below which the rubber is no longer useful. The time index is the 
ratio of the areas mno and mpo. 

It may appear that an equally satisfactory result would be obtained 
py making a‘comparison of the times required for the rubber samples 


J 
‘ian 


hin 


B/S IN 


4A 


1) 


% 


4 
S 
S 
: 
= 
ky 
NS 
Y 
S 
7) 
= 
i 


MONTHS EXPOSED TO WEAT, 
oa a ae ae a 


Fiaure 4.—Tensile-strength-time curves for compounds II and V under weather 
exposure. 


Letter O indicates base compound (no antioxidant). A, B, C, etc., refer to antioxidants listed in table 1. 
Subscript o indicates overcured compound. 


with"and without the antioxidant to reach the limiting useful tensile 
strength. Such would be the case if the tensile strength of the rubber 
and other characteristics (as, for instance, resistance to tearing or 
abrasion) of which it is an index were immaterial so long as the tensile 
strength exceeded a minimum value. However, an antioxidant which 
results in a relatively high tensile strength for the rubber throughout 
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its life would usually be preferred to one which maintained a low 
tensile strength even though they should both give the same intercept 
on the minimum tensile line. This may be illustrated by reference to 
figure 11 (C). The curves zryz and zvz represent the aging behavior of 
rubber containing two different antioxidants and iaabe the same 
span of useful life for the rubber. The antioxidant which gave the 
former curve would be chosen in most cases and, in keeping with this, 
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Figure 5.—Tensile-strength-time curves for compounds I and III exposed to the 
70° C oven test. 


Letter O indicates base compound (no antioxidant). A, B, C, etc., refer to antioxidants listed in table 1. 











the time index of the former antioxidant would be greater than that 
of the latter. 


3. COMPUTATION OF TENSILE AND TIME INDEXES 


Tensile and time indexes were determined from the curves shown 
in the figures, the areas under comparison being measured by plot- 
ting on cross-section paper. Tensile indexes were computed for the 
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entire period of the test, which, in most cases, was conducted to a 
oint where the sample containing no antioxidant had a relatively 
ow tensile strength. If the designed life of a rubber article were 
fairly well known, the end-point would be chosen accordingly. 
Time indexes were computed on the basis of the time at which the 
tensile strength of the compound containing an antioxidant reached 





























~ 








r{ SO IN 








Ww 





4 








ww 








~ 
S 
2 
: 
~) 
ry 
s 
/Y 
S 
ve) 
= 
~ 





\ 












































DAYS /N OVEN Ar 70°C 
j 1 1 4 

¢ 8 l2 1 20 £4 2 32 

Figure 6.—Tensile-strength-time curves for compounds II and V exposed to the 70° C 

oven test. 





Letter O indicates base compound (no antioxidant). A, B, C, etc., refer to antioxidants listed in table 1. 
Subscript o indicates overcured compound. 


a certain lower limit. This lower limit was either 1,500, 1,750, or 
2,250 pounds per square inch, depending on the compound under 
consideration. These figures were selected somewhat arbitrarily and 
represent approximately one-half of the initial tensile strengths. In 
computing the time indexes, some of the aging curves were extrapo- 
lated for a short distance to bring them to the lower limit. This was 
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done, however, only where the trend of the curve was fairly well 

established and the additional area so added was relatively small. 
Since different lower tensile boundaries were used in computing 

the time indexes in the various tests, the values of the indexes here 
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Figure 7.—Tensile-strength-time curves for Fiagure8.—Tensile-strength-timecurves \> 
compounds I and III exposed to the 90° C _— for compounds II and V exposed lo [7 





oven test. the 90° C oven test. 
Letter O indicates base compound (no antioxidant). A, Letter O indicates base compound (no antioz- [ ( 
B, C, ete., refer to antioxidants listed in table 1. dant). A, B, C, etc., refer to antioxidants listed {7 ‘ 
in table 1. Subscript o indicates overcured com- [i 
pound. 
given are not closely comparable. The logical way to determine the 


time index would be to conduct aging tests to the point of failure for 
the compound containing antioxidant as well as the one containing 
no antioxidant, and to compare the complete curves so obtained. In- 





i 





Set) {Se | 


a 
> 


: ee ee 


joxi- 
sted 
om- fi 


ne 








a Antitoxidants in Rubber 679 


asmuch as complete curves were not obtained in the present investi- 
gation, the computations utilized the available data to the fullest 
possible extent. This is what is done when a visual comparison is 
made of incomplete aging curves, and the indexes given are merely 
ratios designed to give definite expression to comparisons which could 
nerves te made only vaguely when many samples are examined. 
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Figure 9.—Tensile-strength-time curves for compounds I and III exposed to the 
oxygen-bomb test. 





Letter O indicates base compound (no antioxidant). A, B, C, etc., refer to antioxidants listed in table 1. 


Any attempt to limit the curves and make strictly logical comparisons 
of all the aging tests would have the effect of discarding a considerable 
amount of useful and pertinent information, and would thus decrease 
the scope and value of the results taken as a whole. 

The tensile and time indexes corresponding to the aging curves 
shown in the figures are listed in table 5. 
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TABLE 5.— Time and tensile aging indexes of rubber compounds containing 
antioxidants 


[The cemposition of the compounds is given in table 2; the names of the antioxidants are shown in table 
1. The results for compounds I, III, and V are the average for three cures, except that for compound 
III with antioxidants A, B, C only the optimum cure was employed; the results for compound II are 
the average for the undercure and the optimum cure, while those for compound II, are for the overcure] 











































































































Time index Tensile index 
Anti- | Dark Dark 
Compound | oxi- | stor- | Weath- stor- | Weath- 

dant | age er | Oevn| Oven} Oxy-| 4 vor.| age er | Oven} Oven) Oxy-| ,. 
at at | gen . at at | gen er 

70° C|90° C |bomb| 98 70° C|90° C |bomb| *8@ 
Recs 8 1.8 | 2.1 1.7 2.3 1.98 | 1.1 1.3 1.4 1.4 1.5 1,34 
B....| (¢) 3.0 14.2 11.9 | 61 3.72 | 1.3 1.5 18 | 1.6 | 2.0 1. 64 
Ra cihenimaneliiaa oe es 3.9 | 42 | 3.1 4.7 | 3.97 | 1.3 1.6 1.8 1.9 1.9 1,70 
> RN Te 3.0 2.2 1.9 4.1 2.80 | 1.1 1.3 1.5 1.6 1.9 1,48 
See (*) 4.5 3.4 2.9 5.6 4.10 | 1.3 1.7 1.8 1.8 2.0 1,72 
AVGSGGD...10sé<sah enue 3. 24 | 3.22 | 2.30 | 4.36 | 3.30 | 1.22 1.48 | 1.66 | 1.66 | 1.86 | 1.5% 
Accu OP 4.9 1,4 2.8 1,2 2.57 | 1.2 1.5 1,2 1.5 1.1 1,30 
B.. (*) 5.8 2.7 2.8 1,2 3.12 | 1.3 1.7 1.6 1.5 11 1,44 
| ewe! it C....| (¢) 5.8 2.5 2.8 1.7 3.20 | 1.4 Fy 1.5 1.5 1.2 1.4 
D....} (9) 3.1 2.0 2.8 1,7 2.40 | 1.3 1.3 1.4 1.5 1.3 1.36 
E....| (¢*) 9.0 2.1 2.8 1.6 3.87 | 1.3 1.9 1.4 1.5 1.3 1.48 
AVQIOED: clescccashcncc cc 5.72 | 2.14 | 2.80 | 1,48 | 3.03 | 1.30 1.62 | 1.42 | 1.50 | 1.20 1,4] 
=—=—= 
Aol ee 1.9 2.4 1.9 4.5 2.68 | 1.7 1.2 1.3 1.1 1.8 1,42 
_ Sener © B....1 22 1.9 2.4 1.9 4.8 2.84 | 1.8 1.2 1,3 1.1 1.8 1, 44 
C.. 1.7 1.9 1.6 1.9 3.1 2.04 | 1.3 1,2 1.1 11 1.5 1% 
Average..|......- 2. 1.90 | 2.13 | 1.90 | 413/252) 1.60] 1.20} 1.21] 1.10/1.70| 13 
A....| 4.0 2.6 2.7 1.3 3.8 2.88 | 1.6 1.4 1.3 1,2 4 | 1.42 
Tl dascunune ie wa. 3.2 3.2 1.5 1.3 5.0 2.84 | 1.8 1.6 1.2 1,2 1.7 1,50 
o.. 1.0 1.1 1.2 1.3 1.0 1.12 | 1.2 1.1 1.1 1,2 1.0 1.12 
Average. _|....... 2. 2.30 | 1.80 | 1.30 | 3.26 | 2.29 | 1.53 1.40 | 1.20 | 1.20] 1.46) 1% 
Vv {P-- -| (* 1.0 1.6 1.5 4.7 2.20 | 1.5 1.1 1.3 1.3 2.3 1.50 
ae ee ee E.. (*) 1.7 2.1 2.1 6.9 3.20 | 1.6 1.2 1.6 1.4 2.6 1.68 
A Vetege.s).....---}c 2... 1.35 | 1.85 | 4 80 | 5.80 | 2.70 | 1.55 1.10 | 1.45 | 1.35 | 2.45 | 1, 58 
Grand average...| (*) 2.90 | 2.23 | 2.02 | 3.81 | 2.77 | 1.44 1.36 | 1.39 | 1.36 | 1.73 | 14 



































_* Deterioration of samples in eight years was not sufficient to warrant the computation of a time index. 
Under these circumstances the value of the index is evidently quite high. 


4. GENERAL EFFECT OF ANTIOXIDANTS 


An examination of the data in table 5 and of the figures from which 
they were derived indicates that the antioxidants increased the 
strength and durability of rubber under all the circumstances that 
were investigated. The improvement in tensile strength is indicated 
by a tensile index which is as high as 2 or more in exceptional instances, 
and averages 1.46 for all tests included in the investigation. The 
increase in the life of the rubber, as measured by the time index, was 
too high to be determined in the case of compounds I, III, and V 
when stored in the dark. It amounted to as much as 5 or 6 under 
several conditions, and averages 2.77 for the numerical values that 
were recorded. 


5. BEHAVIOR OF ANTIOXIDANTS IN DIFFERENT COMPOUNDS 


An inspection of the average indexes indicates that the antioxi- 
dants are somewhat more effective in compounds I, III, and V thao 
in compound II, though under some conditions some of the antioxi- 
dants are quite effective in compound II. In the case of the rubber 
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sulphur compound IV, the measurements are not shown. All the 
antioxidants were effective in increasing the durability, but they 
were not a cure-all for the mediocre aging properties which charac- 
terize rubber-sulphur compounds under most circumstances. Taken 
as a whole, the effectiveness of antioxidants depends not so much on 
the nature of the compound as on the conditions of aging to which 
the compound is exposed. 
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Figure 10.—Tensile-strength-time curves for compounds II and V exposed to the 
oxygen-bomb test. 


Letter O indicates base compound (no antioxidant). A, B, C, etc., refer to antioxidants listed in table 1. 
Subscript o indicates overcured compound. 


6. BEHAVIOR OF ANTIOXIDANTS UNDER DIFFERENT CONDITIONS 
OF EXPOSURE 


_ An examination of the data in table 5 also indicates that the condi- 
tion’ under which the rubber samples were exposed caused the largest 
variations in the indexes. If average values of indexes for all com- 
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pounds are considered, the effectiveness of antioxidants may be 
ascertained for the different conditions of exposure. These are 
arranged in the order of their decreasing effectiveness (antioxidants 







were most effective under condition 1, and least effective under 


condition 5) as follows: 
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Figure 11.—Tensile and time indexes. 


As indicated above, the order differs somewhat, though not radi- 


cally, depending on whether the time index or the tensile index is 
taken as a criterion of deterioration. 


In general, all the antioxidants show a similar response to the ; 
various conditions of exposure. Compound III differs from the § 
other compounds, in that antioxidants had the least effect during © 


aging in the oxygen bomb and the most effect during weather exposure. 
In the weather-exposure tests, the greater effect in compound III, 
which is transparent, and in compound I, which is light in color, 
can be explained by the darkening effect of the antioxidants. (Com- 
pounds II, II,, and V were initially dark in color.) Reference to 
table 1 shows that the protection afforded by antioxidants unde 
weather exposure is in accord with the darkening produced by them, 
which indicates that light was the chief deteriorating agent. « 
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The relatively high degree of protection which antioxidants afford 
ainst deterioration in the oxygen bomb, in most cases, is an indi- 
cation that their primary function, in keeping with their name, is 
that of negative catalysts of oxidation. Only in the case of com- 
pound III do the antioxidants fail to bring about a very considerable 
improvement when aging is conducted in the oxygen bomb. An 
examination of the results reveals no explanation for this behavior. 

The results obtained under different conditions of exposure have 
a direct bearing on the matter of accelerated-aging tests. Consider, 
for example, the testing of a rubber product for use where exposure 
to weather is the chief deteriorating factor. If the average indexes 
for each compound are classified with reference to the accelerated- 
aging test, which most nearly corresponds to weather exposure, the 
tabulation shown in table 6 results. 


TaBLE 6.—Most suitable accelerated test for weather exposure, based on time and 
tensile indexes 








Compound Time index Tensile index 
ORE REE 5 PRR st allan. pie 2}, dh SP a A EES ae Oven at 70° or 90° C. 
Es. 0 idan tiethn awa iea eat SN koi sho is bo chi ccenad Oven at 90° C. 
i ic:winccs siti Aigsetee Wake Wiieiieés rites velit aabea Somos CPR i sn cla phe pes coe Oven at 70° C. 
| PO AEs FES EES ga Sec eadL bowels QUO BOWE Osi ee esos cose ist Oxygen bomb. 
, | SUS 54 tS AEA ARPS aeons oS OTE RCE OO Oven at 90° C. 











* Overcure of II. 


This tabulation points to the oven test at 90° C, a test not commonly 
employed, as being the one of those tried which was most nearly 
comparable to weather exposure. The oxygen-bomb test, in most 
cases, would indicate a relatively greater durability than would be 
found for rubber exposed to weather. 

If a rubber product is to be used where conditions similar to those 
encountered in dark storage are the chief deteriorating: factors, 
accelerated-aging tests which would show the best correspondence 
are given in table 7. 


TaBLE 7.—Most suitable accelerated test for dark-storage conditions based on time 
and tensile indexes 














Compound Time index Tensile index 
Bae Rete se ee ket orrame ty came. 2 55! Oxyoun Dowie o.5: - i555 gcd. Oven at 70 or 90° C, 
TE Poe ed ee eee Te tn Oe on Oxygen bomb. 
__ RR sigh dade eae aca maketh neiouae oY, gf: SRR 2S eR Do. 
bE Race UGE Sha eI Meee os h oe Sep eee eae emanate Do. 
, ee » said a amMaRe iin Sa ae cme a ea, Oven at 70° C. 





* Overcure of compound ITI. 


This tabulation points to the oxygen bomb as being the most suitable 
test in the majority of cases, while one of the oven tests is indicated 
for the other cases. 


7. RELATIVE VALUE OF ANTIOXIDANTS 


The several antioxidants differ considerably in protective action, 
but the variations are not sufficiently systematic or uniform to admit 
of arranging them in any general order of efficiency. Furthermore, 
the data are not complete in this respect, because all five antioxidants 
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were used simultaneously in only two compounds. Inasmuch as 
the results obtained in the case of these two compounds were not 
consistent, they do not warrant the placing of any general rating on 
the five antioxidants. 

Antioxidants A, B, and C were used comparably in three com- 
pounds, I, II, and III, as were also antioxidants D and E, in com- 
pounds, I, III, and V. In compounds I and III, the antioxidants, 
arranged in order of decreasing protective action, were C, B, A, 
but in compound II the order was B, A, C, or A, B,C. In the general] 
average B and C are close together, while A is somewhat lower, but 
the variability of the results with different compounds is such that the 
results are not highly significant. 

A comparison of antioxidants D and E leads to more consistent 
results. Only in one test did antioxidant D show a higher protective 
value than did E. The numerical results, however, show no consistent 
ratio between the two antioxidants. 

In making comparisons between compounds containing different 
antioxidants, consideration should be given to the relative amounts | 
of each antioxidant used. As stated previously, the proportions 
employed in the present work were based on the recommendations 
of the manufacturers at the time tests were started. No experiments 
were conducted to determine whether the amounts employed were the 
most effective or the most economical. 


V. SUMMARY 


1. All antioxidants increased the useful life of rubber compounds © 
under practically all of the conditions of test. . 

2. The effectiveness of the antioxidants varied between wide limits, & 
depending upon the conditions of exposure, the type of compound, 
and the particular antioxidant used. 

3. Two means for expressing the effectiveness of an antioxidant 
numerically are suggested, a tume index, which is a measure of the 
increase in time during which a rubber compound will remain servy- | 
iceable, and a tensile index, which is a measure of the improvement 
in average tensile strength. A comparison of the indexes obtained 
by different accelerated-aging tests with those obtained under some | 
conditions of natural aging, affords a means for choosing an aging test f 
best suited to a particular rubber product. 
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AN APPARATUS FOR MEASURING THE BOILING POINTS 
OF LUBRICATING OILS AND OTHER COMPOUNDS OF 
HIGH MOLECULAR WEIGHT AT REDUCED PRESSURES ' 


By Sylvester T. Schicktanz ” 


ABSTRACT 


This paper describes an apparatus suitable for determining accurately the 
boiling points of lubricating oils and other compounds of high molecular weight 
at temperatures and pressures below their decomposition points. The tem- 
peratures are determined by means of three thermocouples located at different 
heights in the vapor column, which, by their differences in temperature, give 
some indication of the purity of the sample, the readings of the three thermo- 
couples being identical for a pure substance. The pressures are determined with 
a McLeod gage. 

Data are reported for pure di-n-butyl phthalate, for mixtures of di-n-butyl 
phthalate with 6.82, 10.62, and 18.75 mole percent of trio-o-cresy] phosphate, 
and for two lubricating-oil fractions obtained from successive distillations. 


CONTENTS 


I. Introduction 

II. Description of apparatus 
III. Experimental procedure 
IV. Experimental results 


I. INTRODUCTION 


In the distillation of complex liquid mixtures at very low external 
pressures (<(0.001 mm of Hg), it has been shown by Hickman * that 
the temperatures usually obtained in the distilling zone are not truly 
related to the pressure determined by a gage in the external part of 
the system, because of the unknown PAE. drop in pressure between 
these two points. For the proper reblending of cuts during system- 
atic separation, it is necessary to know the boiling points of the various 
fractions, and for this reason it was desirable to construct an appa- 
ratus that would indicate the true boiling points at a given pressure. 
This apparatus should be easy to clean, manipulate, and recharge, 
accurate to within 1° C, permit rapid measurements, and have its op- 
erating range below the decomposition temperature of the substances 
to be studied. 

' Financial assistance for this work has been received from the research fund of the American Petroleum 
Institute. This work is part of Project 6, The Separation, Identification, and Determination of the 
Constituents of Petroleum. 

ch Associate at the National Bureau of Standards representing the American Petroleum 


Institute. 
+ K. Hickman and W. Weyerts, J. Am. Chem. Soc. 62, 4714 (1930). 
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This pe describes such a boiling-point agtanetiee, and gives ex. | 


perimental data showing the applicability of the apparatus to the 
problem of determining the boiling points of lubricating-oil fractions 
and other high-boiling compounds at various pressures below the point 
of decomposition. 


II. DESCRIPTION OF APPARATUS 


Figure 1 shows schematically the boiling-point apparatus and its 
necessary accessories. E is the ei pees gh ae tube, which contains a 
ground-glass joint B’ for the filling and cleaning of the apparatus, and 
G is an all-glass internal stirring mechanism.* Tube E is made about 
30 mm in pete so that the drop in pressure between the top and 7 
bottom during a determination is negligible. The tube is vacuum. 7 
jacketed above the heater unit in order to minimize, as far as possible, § 
any heat leak from the ascending vapors. 

The lower part of the tube E fits into an insulated box H, which 
contains the heater I and the magnets F. The magnets F are placed Ff 
symmetrically around the upper part of the stirrer and in a direct line 
with the upper arm, which is constructed of an iron core inclosed in | 
glass. The upper portion of the tube is connected, by means of all- [7 
glass seals, to a ballast tank B (3-liter capacity), bulb P (of 2-liter © 





capacity and filled with dry pure nitrogen), the trap O, McLeod gage © 


U’, and to the mercury-vapor pump through the stopcock Q. 

The temperatures in the vapor column are determined by three 7 
thermocouples, C, constructed of copper wire (no. 36 AWG gage) © 
and constantan wire (no. 32 AWG gage), and placed at various | 
heights in the tube. The chemistoush 
tion of the apparatus by means of a perforated glass tube D, which 
allows the hot vapors to pass freely around the thermoelements, 
About 1 inch of the wires is coiled about the copper-constantan tip 
in order to secure thermal equilibrium at the junction. The thermo- 


es are held in the central por- 7 


couples are sealed into the apparatus at A by means of hard de @ 


Khotinsky cement. 2 

The top view o: the transite block holding the magnets in place, © 
around the boiling-point tube, is shown at E’ with a schematic elec- 7 
trical connection to the actuating commutator. The commutator X 
is made of bakelite board, on which is mounted a discontinuous brass 
ring V. Each segment of the ring is wired to a magnet. The magnets 
are consecutively activated by means of the rotor W, consisting of 
brass tube making contact with the brass ring by means of carbon 
brushes, and being rotated by means of a variable-speed motor Y. 

Bulb P containing pure dry nitrogen is connected to the system by | 
means of a 3-way stopcock. The amount of gas released into the ¥ 
system is measured approximately by the bulb N (volume 0.5 ml), | 
which is a sealed-off arm of the stopcock. 

The McLeod gage U’, constructed so that pressures between 0.001 
and 4.840 mm of Hg can be measured with an accuracy of + .001 mm 
of Hg, is connected to the system through the trap O, which keeps the 
condersable vapors from entering the gage. The central tube S of the 
gage +s graduated in millimeters and numbered from the top to the 
bottom. In the outer capillary tube S’ are sealed two tungsten points 
R and U, wuich are connected to the galvanometer T. This arrange- 


* Designed by Francis A. Smith and G. Martin Shepherd of the National Bureau of Standards. 
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he ; Fiaure 1,—Boiling-point apparatus for use at reduced pressures. 
(Explanatory diagram] 
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ment is used in order to raise the mercury column to the same height 
at all times. The entrance of the McLeod gage into the system is 
nearer the apparatus than that of the nitrogen bulb. This arrange. 
ment allows the incoming nitrogen gas to push back into the system J 
and away from the gage entrance any condensable gases which may ff 
be found in the upper part of the apparatus. 


III. EXPERIMENTAL PROCEDURE 


About 20 ml of the material whose boiling point is to be measured 
is pipetted into the boiling-point tube E through the ground joint B’, 
The tube is then put into position and soabel with a good high- 
vacuum lubricant.’ The magnet block and heater unit are then put 
into place as shown in figure 1. After putting a suitable cooling f 
agent around the trap O, the stopcock Q is opened to the pumping § 
system and the evacuation begun. The stirrer is then put into motion 
and the heating started. By heating slowly and stirring continuously, 
the liquid is kept from bumping and the time of degassing is meena 
shortened. If, after pumping for 15 to 30 minutes, the gage reading | 
shows a pressure below 0.001 mm of Hg, stopcock Q is closed, and the 7 
system is ready for the determination. The speed of the stirrer and § 
the heat around the boiler are increased so that the vapors will slowly 7 
rise in the boiling-point tube to the top of the vacuum jacket. Asa @ 
protective measure, a stream of air is played on the apparatus at this § 
point, in order to keep the hot vapors from ascending any nearer to 
the ground joint. a 

The pressure is increased to 0.1 mm of Hg or higher by releasing 7 
into the system a small amount of dry pure nitrogen. After the boil- © 
ing liquid has come to equilibrium with the vapor phase, the electro- 
motive farces of the three thermoelements are determined on a sensi- 
tive potentiometer. The pressure in the apparatus is then measured 
on the McLeod gage by the method of Dushman.’ In this method the © 
difference in the heights of the mercury columns in S and S’ is meas- 
ured when the column in tube S’ is brought up to the tungsten contact 
point. This reading is then transposed into millimeters of Hg abso- FF 
lute pressure by means of the calibrating chart. 

These data give the boiling point of the material at one pressure. § 
To obtain data at another higher pressure, a small amount of nitrogen # 
is released into the system. This is accomplished by turning stop- § 
cock M, first to allow nitrogen to fill the measuring bulb N, and then 
turning the stopcock to release this volume into the system proper. 
The above procedure is then repeated several times to obtain data at © 
additional higher pressures. 

The determination of the temperatures at four or five different © 
pressures usually requires about 1% hours. < 


IV. EXPERIMENTAL RESULTS 


The data obtained are plotted in the usual way (log P versus 1/T) 
in order to obtain a straight line, which can be readily extrapolated 
over a short range without significant error. In this way, the boili 
points of all the substances can be obtained at some predetermin 
pressure. However, data obtained with the apparatus at pressures 


‘T. P. Sager, Ind. Eng. Chem., Anal. Ed. 4, 388 (1932). 
* Saul Dushman, Gen. Elec. Rev. 23, 731 (1920). 








Schicktanz] Boiling-Point Apparatus 689 















at below 0.1 mm of Hg deviate considerably from the linear relation, and 
Is consequently the working range was limited to pressures between 0.1 
e- and 4.8 mm of Hg. ckman’ also found this deviation at low 
m — pressures. 
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) Figure 2.—Variation of the readings of the top and bottom thermocouples as the 
d amount of impurity (tri-o-cresyl phosphate) in di-n-butyl phthalate is increased. 
Ordinate.—Pressure in mm of Hg (on a log scale). 
Abscissa.—Temperature in degrees centigrade (on a reciprocal absolute-temperature scale). 

eS To check the accuracy of the values of vapor pressure determined 


in this apparatus, data were first obtained on pure di-n-buty] phthal- 
7K. C. D. Hickman, J. Phys. Chem. 34, 629 (1930), 
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ate, whose vapor pressure-temperature relations had been accurately 
measured by Hickman (see footnote 7) with a different kind of appa- 
ratus. Curve I, figure 2, shows the data obtained on di-n-buty] 
phthalate. The values obtained with the present apparatus are in 
excellent agreement with those of Hickman. For example, at a pres- 
sure of 1 mm of Hg, the present data give the boiling point as 148.5° 
C, as compared to the value 148.2° C estimated from Hickman’s (see 
footnote 7) curve. 

The next point of interest was to determine the effect of impurities 
in the sample on the readings of the thermocouples. Curve I, figure 2, 
shows that with a pure substance in the apparatus the readings of the 
top and bottom thermocouples are identical within the precision of 
reading, equivalent to + 0.2°C. Curves II, III, and IV show the 
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Figure 3.—Effect of the change of volume of charge of a wide-boiling sample of Markol. 


Curve I.—20 ml of Markol charged. 
Curve II.—10 ml of Markol —— 
Ordinate.—Pressure in mm of Hg (on a log scale) 
Abscissa.—Temperature in degrees centigrade (on a reciprocal absolute-temperature scale). 


0.1 


values obtained on the top and bottom thermocouples for three 
different samples of n-butyl phthalate containing an impurity of 
tri-o-cresyl phosphate,* whose boiling point at a pressure of 1 mm of 
Hg is 216° & 67.5° C higher than that of di-n-butyl phthalate. The 
amount of ee in each case was 6.82, 10.62, and 18.75 mole 
percent, respectively. The data show an increasing spread in the 
temperatures indicated by the top and bottom thermocouples at a 
given pressure, as the amount of impurity in the sample increases, 
showing a fractionation in the column of vapor in the apparatus. 
No spread in the readings would be expected if the impurity had, ata 
given pressure, the same boiling point as the solvent. In obtaining 
the above-mentioned data the same volume of sample, 16 ml, was 
used in each case. 


* Obtained from M. R. Fenske, Pennsylvania State College. 
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It was next desirable to determine whether the data obtained varied 
with the volume of liquid in the apparatus. For a pure substance, 
di-n-butyl phthalate, the values obtained with a sample of 10 ml 
were identical, within the accuracy of the readings, with the values 

obtained with a sample of 20 ml. For an impure substance, however, 

this would not be expected, because, with the vapor space ‘filled, the 
composition of the liquid in the two cases would be different. This 
excludes the case where the impurity has the same vapor pressure 
as the solvent. In figure 3 are given the data obtained on a sample 
of “Markol”’, a lubricating oil having a wide boiling range. The 
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Figure 4.—Effect of a distillation on a lubricating-oil sample. 


Curve I.—Original oil. 
Curve II.—Middle fraction after distillation of original oil. 
Ordinate.—Pressure in mm of Hg (on a log scale) 
Abscissa.—Temperature in degrees centigrade (on a reciprocal absolute temperature scale). 


two sets of curves indicate the change in reading as the volume of 
sample is changed from 10 to 20 ml. 

It was also found that the data obtained for a given sample did 
not change with the rate of heat input into the boiler if the sample 
was pure, but did change somewhat (of the order of 1° C for a7 per- 
cent increase in the heat input) if the sample was not pure. 

In figure 4 are plotted the data obtained on two cuts from successive 
fractional distillations of lubricating oil. Curve I gives the data on 
the initial water-white lubricating oil and curve II on one of the 
middle cuts from the first distillation in a laboratory still. The 
boiling-point data on these two — together with their refractive 
indices, viscosities at 100 and 210° F, and history are given in table 1. 
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TaBLe 1.—Relation of the boiling point to other physical properties of two lubri- 
cating-oil samples 





Viscosity, in Say- 5 
bolt seconds, at— | Refractive pa tage 
Curve (fig. 4) index at i mm Hg 


25° © n # 
100° F | 210° F at * C 


History of material 








156. 9 43. 


.8 Original water-white lubricating oil. 
156.7 43.4 


10th (middle) fraction obtained from 
the distillation of the above fraction, 

















Although the two samples of oil, as shown in table 1, have the same 
viscosities and refractive indices, their boiling points at the given 
pressure differ by 12.5° C. This illustrates the necessity of knowing 
the true boiling point in order to reblend the cuts properly for system- 
atic distillation. However, the viscosity, refractive index, or 
density may be used as the basis for reblending when it has been 
established that variations in these properties, from fraction to frac- 
tion, correspond with variations in the vapor pressure of these | 
fractions. 


Acknowledgment is made to B. J. Mair for his helpful suggestions 
on this problem. 


WasHINGTON, February 26, 1935. 
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MECHANISM OF CHROMIUM DEPOSITION FROM THE 
CHROMIC ACID BATH 


By Charles Kasper 


ABSTRACT 


In commercial electroplating chromium is deposited from baths composed 
principally of chromic acid in which the chromium is sexivalent. After use, 
such baths always contain some trivalent chromium, and many of the theories 
which have been proposed for this process postulate that the chromium is de- 
posited from the trivalent (or possibly bivalent) state, for which the chromic 
acid serves a8 & reservoir. 

In this paper evidence is presented that the electrolytic deposition of chromium 
occurs directly from the sexivalent state. The principal evidence is the fact 
that relatively large additions of compounds of metals such as zinc, nickel, 
cadmium, iron, and copper have no such effect upon the behavior of the chromic 
acid bath as would be expected if deposition occurred from the trivalent state’ 
It is shown by cryoscopic and spectrophotometric data that the dichromates of 
these metals are strongly ionized. 

The low efficiency and high polarization in chromium deposition are accounted 
for, and certain paradoxes are explained. The possible directions for improve- 
ment are pointed out, but none of them appears practicable with existing knowl- 
edge. 
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I. INTRODUCTION 


Chromium plating has been developed almost entirely as a result 
of empirical investigations, which is to be expected in view of the 
extreme complexity of the reactions upon which the process depends. 
It is reasonable to expect that if the mechanism were more thoroughly 
understood, improvements might be effected, for example in the 
cathode efficiencies and in the range within which bright deposits 
can be produced. It is the purpose of this and two previous papers 
(35, 37)! on this subject to throw light on the possible nature of the 
mechanism. 

_ The special aim of this paper is to present evidence that chromium 
is deposited directly from the sexivalent state, that is, in a single 
step. An effort is made to explain the mechanism of such a process 
and to point out plausible solutions of certain paradoxes. The con- 


' The numbers in parentheses here and throughout the text refer to the references at the end of this paper. 
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clusion of this analysis is that the chromic acid bath possesses great 
inherent possibilities thermodynamically even though no method 
was found to overcome the unfavorable kinetic features in the mechan- 
ism of reduction. 


II. REVIEW OF PREVIOUS THEORIES 


Any complete theory of chromium deposition must answer the 
following three questions. Why are sexivalent chromium compounds 
preiesa to those of the lower-valence states? Why is an addition 
agent such as sulphate necessary? By what process is the chromic 
acid reduced to metal? Numerous authors have advanced theories 
to cover some of these points. 

Carveth and Curry (7), who established the conditions for chromium 
deposition from the chromic acid bath, concluded that chromium is 
being deposited directly from the sexivalent state, and, in particular, 
from a positive sexivalent chromium ion whose concentration is 
greatly increased by the presence of sulphuric acid. Such a specific 
effect of sulphuric acid is not borne out by their own experiments, in 
which they demonstrated that sodium sulphate is also an effective 
addition agent (which is known in light of present knowledge to be 
just as effective as sulphuric acid). Moreover, in their hypothesis 
they assumed that chromic acid is a very weak acid, though actually 
it is very strong. Whether a positive sexivalent ion is present or 
important cannot be readily demonstrated. It is possible to show [7 
that, if it exists, its concentration must be extremely small. In 7 
the absence of definite evidence concerning its existence, it will not © 
be considered. 

Liebreich (14, 15, 36, 38) considers that the deposition is the 
result of successive steps such as Cr$Cr$Cr4Cr’°, each of which 
corresponds to a break on his cathode polarization curves. He 
reports four such breaks instead of the one (shown in fig. 1) that is 
generally accepted. The final step is the reduction of the chromous 
ion behind a protecting film of chromous and chromic oxides. He 
first thought that the sulphate plays no important role, but more | 
recently he ascribed its beneficial effect to the solvent action of 7 
sulphuric acid upon the film of basic chromium compounds. x 

Sargent (13), Haring (16, 19), Ollard (21), and Piersol (28) all @ 
assume that deposition occurs from trivalent chromium ions, for 
the existence of which the presence of the sulphate is favorable. 
The evidence against this hypothesis is summarized in our first 
paper (35). Britton and Westcott (29) also consider that deposition 
occurs from the trivalent state, which is kept in a ‘‘suitably ionized 
condition” by the sexivalent chromium. Carveth and Curry (7) 
showed that sulphate-free chromic acid is not reduced at high cur- 
rent densities, which was explained by Sargent (13) as a result of 
the formation on the cathode of a film of reduced chromium com- 
pounds, which film he implied was permeable only to hydrogen ions. 
This idea constitutes the starting point for the explanation of the 
action of anions (like sulphate) in the next two theories presented. {| 

E. Miiller (18, 22, 23, 27, 34) concluded from a study of cathode 
polarization curves that reduction occurs directly from the sexi- 
valent state. From the fact that the marked jump in potential 
(such as that shown in fig. 1) starts at a potential that is less negative 
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than the equilibrium reaction potential for Crt+*+/Cr (about —0.4 
volt), he assumes that the reaction that proceeds on the second 
part of the curve is one that has a smaller endergic (positive free 
energy) change (39) than that for Crt**/Cr, and in particular that 
this reaction is Cr’'/Cr. Granting that such a relation between the 
break and the subsequent part of the curve is legitimate, the evi- 
dence is not conclusive that the reaction must be CrY!/Cr. This 
potential jump not only involves the production of chromium but 
also the liberation of hydrogen, which can occur at potentials con- 
siderably less negative than Crt*t/Cr. Furthermore, the actual 
deposition of chromium occurs at polarization values that are sub- 
stantially more negative than that for Crt++/Cr. The polarization 
curve is, therefore, not a true criterion of whether the chromium is 
being deposited from the sexivalent state. 

Another argument that Miiller presents in favor of direct deposi- 
tion from the sexivalent state is that even large additions of trivalent 
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Fiaure 1.—Polarization of the chromic acid bath. 








chromium do not have much effect on the cathode efficiency. It 
will be seen later that this is not a conclusive argument. 

The first theory that Miiller introduced to explain the action 
of the sulphate was that the sulphate coagulated the particles of 
the basic sol that formed the film which would otherwise prevent 
deposition. This explanation was abandoned by Miller, but a more 
elaborate version of this phenomenon is the basis of the theory of 
the action of the sulphate proposed by the present author (35). 

In a later paper Miiller advanced a second theory of the action of 
the sulphate. He made the special assumption that the film is com- 
posed of molecules of the basic chromate, which are oriented in such 
a way that the basic part of the molecule faces the cathode, and the 
acidic part the solution. He attributes the permeability to hydrogen 
ions to holes in the molecular film, and implies that the rate of ex- 
haustion (by discharge) of the hydrogen ions is greater than the rate 
of dissolution of the basic molecules. If there exist in the system 

133113—35——4 
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negative ions of such a size that they may slip into the interstices, 
this action would permit hydrogen ions to exist longer in contact 
with the basic chromate molecules and in that manner effect their 
dissolution. Objections to this theory are that (a) it fails to account 
for the specific action of different anions; (b) it fails to account for 
the maxima in the relation of their activity with concentration; and 
(c) the consideration of the particles of the basic film (or sol) as mole. 
cules is not warranted. His assumption that the ion HSO, is 
effective is unjustified, as this ion can exist only in a relatively low | 
concentration at a pH of 3, which exists in the cathode film. 

In a previous paper by the present author (35) the colloidal) nature 
of the basic chromium chromate was demonstrated, and the range 
of pH in which it exists was given. Since the formation of a con. § 
tinuous film from sol particles is largely determined by the velocity § 
of the particles, the rate of film formation can be extremely sensitive 
to the presence of adsorbable negative ions (the sol being electro- 
positive). The permeability of the colloidal matrix will decrease 
with an increase in size of the sol particles (which increase is fostered 
by the adsorbable negative ions). The dichromate ion is ineffective | 


because its concentration at the cathode film is small, whereas the 
concentration of anions that form positive molecular ions with @ 


trivalent chromium is relatively large. It will be noted that. the | 
colloidal nature of the basic sol is retained, and its permeability to [7 
hydrogen ions is related to its high water content. With such a 
situation, permeability of the sol or film to hydrogen ions is demanded 
by the chain theory of its conduction. This phase of the theory in © 
the regions in which chromium is deposited is extremely satisfactory, © 
as it accounts for all specific differences known, and in particular © 
accounts for the existence of the maximum in the sulphate activity 
and for the variation of that maximum with temperature. This 
phase of the theory is not adversely affected by the present research, 
but is established even more strongly. 

The actual mechanism of the reduction of chromic acid was attri- 
buted in the above paper to the action of a presumably efficient 
chromic/chromous couple, with the subsequent deposition of chro- 7 
mium from the trivalent state. Such a process could explain most 


known facts of chromium deposition from the chromic acid bath. @ 


For example, it would be insensitive to additions of trivalent chro- | 
mium because large amounts of trivalent chromium are produced 
from the dichromate ions. However, subsequent research (37) on 
deposition from the trivalent and bivalent salts of chromium showed 
that this couple could not be efficient in the chromic acid bath. 
Since then, there has been discovered a means of demonstrating that 
chromium is being deposited directly from the sexivalent state. 

It is known that the ions of copper, nickel, zinc, cadmium, and 
iron can be more readily reduced to the metallic state than can 
trivalent or bivalent chromium, and that minute amounts of copper 
interfere with chromium deposition from chromic or chromous 
salts. There are indications in the literature that even high con- 
centrations of the above ions are without effect upon the deposits 
from the chromic acid bath. It is upon this difference in behavior 
of the added ion in the chromic acid and chromic salt bath that the 
proof given in this paper is constructed. The experimental evidence 
is presented in the next section. 
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III. EVIDENCE THAT DEPOSITION OCCURS DIRECTLY 
FROM THE SEXIVALENT STATE 


The evidence must first demonstrate that the state of the ions of 
copper and other added elements is the same in all systems con- 
sidered; otherwise there would be no valid basis for comparison. As 
the existing data on the effects of these ions on the chromic acid bath 
were not as definite as was desired, they were redetermined. It is 
clear that if no effect of these added ions is found in the chromic- 
acid bath, the particular dichromate ions which are reduced to the 
metallic state do not exist at any time in a state that may be identified 
as trivalent or bivalent chromium. In the absence of conclusive 
evidence that chromium exists in other valence states than bi-, tri-, 
and sexivalent, the following proof shows that the reduction proceeds 
directly from the sexivalent state. 

Although it was apparent from chemical principles that nickel, 
cadmium, and zinc dichromates are strong lonogens,’ it was felt 
necessary to give a formal proof. Whether copper dichromate is a 
strong ionogen or exists as a molecular ion was not clear from exist- 
ing data. ‘The cryoscopic method was employed to demonstrate the 
nature of these salts and, where applicable, also the spectrophoto- 
metric method. The results of the cryoscopic method are given in 
table 1. 


TaBLE 1.—Freezing point depressions 





= 





Solution : Chromic Solution fee " 
number . acid e 2 : 





Degrees | Degrees Degrees | Degrees 
Cc Cc } Cc Cc 


2. 34 75 
2. 34 75 
2. 39 - 80 






































Columns 5 and 10 of table 1 show the apparent freezing-point de- 
2 igemeww (6 °C) of the metal dichromates. These values are obtained 

y subtracting 1.59° (the depression for the residual or free chromic 
acid) from the total depressions. The expected value of the depres- 
sions for complete dissociation is 0.74° C. No particular significance 
is to be attached to the close agreement between the calculated and 
experimental values; but the results certainly demonstrate that these 
salts are strong ionogens and have about the same strength. 

Absorption spectra were employed to study the copper and nickel 
dichromates. A Bausch and Lomb visual spectrophotometer was 
used and the sells were 2-cm thick. Figure 2 gives the absorbancies 
(—log 7, where 7 is the transmittancy) of solutions I to (withVI 
compositions shown in table 1). The absorbancy of the pure chromic 
acid solution (no. I) lies below that of the solution containing cad- 
mium (no. V) and above that of the zinc solution (no. IV). The 
latter relation is caused by the existence of the trichromate ion, 
Cr,0;>-~, whose concentration is highly dependent on the acidity, and 
is therefore greater in no. I than in no. IV. The reason that the 


The term ae ” refers to an ionizable solute, which is often called an ‘‘electrolyte’’. The latter 
term will be reserved for the conducting solution. 





cadmium solution absorbs more strongly than the pure chromic acid 
solution is not clear. Whether it is a deformation effect or is caused 
by true complex-ion formation was not established. With ionic 
systems the deformation effect can be related to the size and charge 
of theions. Itis therefore legitimate to assume that the deformations 
of the dichromate radical produced by the ions of nickel, copper, and 
zinc are the same, since these ions have identical charge and are close 
in atomic number.* 

It has been known (1, 2, 3, 4, 6, 8, 9), that the absorbancy of the 
hydrated cupric ion, [Cu(H,Q),]**, is practically independent of its 
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Ficure 2.—Absorbancies of dichromate solution. 
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concentration and of the nature of the anion unless true molecular © 


ions are present (such as with the halides). Hence, if we can calculate 
the absorbancy of the tetra-aquo cupric ion from that of the copper 
dichromate solution (no. III), positive evidence will be obtained as to 
whether cupric dichromate is a strong ionogen. The absorbancy of 
the sexivalent chromium is taken to be equal to that found with the 
zinc solution (no. IV). Subtracting these values from those of the 
cupric dichromate solution, the points plotted on figure 3 are obtained. 

3 This fact should give these positive ions radii that are very close to each other. X-ray investigations 
(30) of crystal structure confirm this similarity of nickel and zine ions. The value reported for coppers 


much smaller, but has been questioned (probably because it does not fit into the scheme outlined above). 
The relative sizes of the “bare” (not hydrated) ions are involved. 
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The curve was calculated from transmission values of a cupric sulphate 
solution which was 0.2 M. The agreement is good except at short 
wave lengths, where the values are known to be subject to error on 
account of the extremely low transmission of the cupric dichromate 
solution. The spectral region used is the only one that can be readily 
investigated with these solutions. The frown. with nickel solutions, 
given In — 4, indicate that nickel dichromate is also a strong 
jonogen. The curve was calculated from values obtained with a 
nickel ammonium sulphate solution. It is known (6, 9,10) that the 
absorbancy of the hexa-aquo nickelous ion, [Ni(H,O),]**, is inde- 
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Figure 3.—Absorbancy of cupric iron in the presence of sulphate or dicromate 
anions. 





























pendent of the anion and of the concentration, provided that true 
molecular ions are not present. 

When iron is present in a chromic acid bath it markedly constricts 
the bright-plating range at low temperatures. Alter and Mathers (24) 
and also Schneidewind (20) record that iron is not deposited from the 
chromic acid bath. Similar statements have been made by Phillips 
(31) and by Baker (32). Farber and Blum (26) have found that the 
presence of iron slightly increased the cathode efficiency and throwing 
power although it slightly contracted the plating range at 45° C. 
The fact that such a relatively small effect wea Wonid is abundant 
evidence that iron does not participate directly in the deposition. 
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It appears probable that ferric dichromate is a strong ionogen like 
chromic dichromate and not, as frequently stated, a colloid. 
Trivalent chromium and iron are similar in behavior, though the 
ferrous ion is a weaker reducing agent than the chromous, and con. 
versely the ferric ion is a more powerful oxidizing agent than the 
chromic. This situation, coupled with the fact that the ferric ion is 
much more powerful oxidizing agent than the chromic ion for the 
ion-to-metal couple, makes ferric iron a much more favorable cage 
for electrochemical reduction to the metallic state than trivalent 
chromium. If iron is not deposited to any great extent, it is difficult 
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Ficure 4.—Absorbancy of the nickelous ion. 
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to see how under the same conditions chromium can be deposited 
from the trivalent state. 

If any effect of iron exists it should show up in the current efficien- 
cies, and in the width of the bright-plating range. Experimentally, 
it was demonstrated that a solution that was 1 N in Fet+*, 2.5 M 
in CrO;, and 0.05 N in SO,-~ did not possess a bright-plating range 
at 45° C markedly different from that of a similar iron-free solution, © 
with the current efficiencies being approximately the same. Anal § 
ysis of bright deposits (which were unlikely to retain mechanical 
inclusions) showed that they contained about 0.10 percent of iron. 
As Phillips has previously stated, it is difficult to say whether this 
small content of iron was electrodeposited or was present as ineli-| 
sions. The practical absence of iron in the deposits is the fint 
evidence that the deposition of chromium occurs from the sexivalent 
state. 

Further evidence is supplied by the effects of zinc, cadmium, ai 
nickel. Experiments were conducted with the usual chromic atid 
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bath (2.5 M CrO;, 0.05 N SO,-~) to which one of the above ions was 
added in normal (N) concentration. It was found that the bright- 
plating range was unchanged at 45° C and that the current efficiency 
at 10 amp/dm? was the same as that obtained from the usual bath. 
Baker (32) reports that no nickel is present in deposits obtained from 
chromic acid baths containing nickel. Similar results are recorded 
by Alter and Mathers (24) for all of these motals. 

In the author’s paper (37) on trivalent chromium baths it was shown 
that it is easier to deposit either nickel or zine than it is to deposit 
chromium from the chromic or chromous condition. The pH of the 
cathode film must be not less than 8 before efficient chromium deposi- 
tion can be expected from chromic salts, while with nickel and zinc a 
pH of 6 suffices. It is probable that cadmium is similar to the latter 
two metals. It was demonstrated in the paper (35) on the chromic 
acid bath that the pH of the cathode film in that system‘ is about 3. 
Therefore a low efficiency of deposition of any of the above ions in the 
chromic acid bath is to be expected. The fact that there exists in 
this system the powerful oxidizing agent, sexivalent chromium, makes 
the formation of such powerful reducing agents as zinc impossible, 
and of the less powerful reducing agent nickel extremely improbable. 
It appears very probable, therefore, that the production of chromium 
from the trivalent state (which metal would, by definition, be in the 
active condition) would not occur in the chromic acid bath. 

The final and probably most conclusive evidence is the behavior 
of solutions containing copper. Alter and Mathers (24) record that 
in relatively small amounts there is no effect of this element on the 
chromic acid plating bath. This stands in startling contrast to the 
hypersensitivity of trivalent chromium baths to copper. In the 
present experiments at 45° C, a solution that was N in cupric ion 
(and 2.5 M in CrO, and 0.05 N in S O,-~) had sensibly the same plating 
range and cathode efficiencies as a copper-free solution. Analysis of 
bright deposits produced on platinum showed a copper content of 
0.08 percent, which may be due to inclusions. This behavior is quite 
different from that found for trivalent chromium baths, in which a 
mere trace of copper ruined the deposition and yielded black deposits. 
Since it was demonstrated in the earlier part of the paper that copper 
dichromate is a strong ionogen, the results indicate quite conclusively 
that chromium must be deposited directly from a more powerful 
oxidizing agent than the cupric ion, namely, sexivalent chromium. 

As indicated in the first paragraph of this section, the results show 
conclusively that the particular dichromate ions that are reduced to 
the metallic state do not exist at any time in a condition that can be 
identified as trivalent or bivalent chromium, which are the only lower 
valence states of chromium that are definitely established. 


IV. MECHANISM OF REDUCTION 


The purpose of this section is to consider the means by which 
sexivalent chromium is reduced to the metallic state, and to show why 
the reaction is extremely inefficient and occurs only at very high 
polarization values. ‘Two paradoxes in the experimental observa- 
tions will be shown to be consistent with the theory presented. 


‘ This value was obtained from a study of the pH of reduced chromic acid solutions. It was established 
that solutions with a pH much greater than 3.5 were extremely unstable. 
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Electrochemists frequently interpret polar:zation curves on the 
basis of quasi-thermodynamics, that is, they explain changes in 
dynamic potential in terms of the change in ‘effective’ ion concentra- 
tion (or activity) brought about by the passage of the current. The 
primary utility of thermodynamics is to define the minimum energy 
conditions that must be satisfied before the reaction can start, 
Polarization is simply the excess potential that must exist in order 
that the process proceed at a definite rate, that is, at a definite current 
density. This problem is to be treated, therefore, in terms of the 
theory of reaction rates, and the variation of those rates with the 
electrode potential (33). The electrode potential will influence not 
only the frequency of collisions but also the absolute rate of reaction. 

The attraction of a negative electrode for a positive ion increases 
the chance of its collision with the electrode, extends the duration of 
the collision, and effectively reduces the chance of other positive ions 
of interacting with the cathode. If the positive ions are identical 
the last factor has no effect, but the first two make the particular 
reaction more probable. 

It may be stated that, under these conditions, this reaction pos- 
sesses a favorable or high interaction coefficient. A single isolated 
negative ion would possess, with respect to a cathode, a zero inter- 
action coefficient on account of the repulsive forces involved. How- 
ever, in systems that contain a mixture of positive and negative ions, 

he interaction coefficient of the negative ions with the cathode is not 
zoro. The only condition that the action of the cathode imposes is 
that the net space charge be positive and equal to the charge on the 
cathode. The extent to which it will deviate from a purely positive 
space charge will depend upon the force of interaction between the 
positive and negative ions. If true neutral molecules which involve a 
reducible radical are present, the existence of that radical at distances 
from the cathode that are of importance in determining chemical 
reaction is favored. ‘That such interactions actually exist is shown 
by the occurrence of reactions that involve the reduction of negative 
ions at a cathode, and which cannot be explained in terms of favorable 
‘“‘couples.’”’ For example, the dichromate ion can be reduced to the 
trivalent state in alkaline solutions at potentials that entirely exclude 
the action of the hydrogen/hydrogen ion or the chromous/chromic 
couple. The nitrate and particularly the nitrite ion can be reduced 
in alkaline solutions at potentials aa negative than that of the 
hydrogen/hydrogen ion couple (5). Evidently the over-all rate of 
reduction of a negative ion at a cathode can be finite if the absolute 
rate of reduction is high enough, even though the interaction coefficient 
is very small. 

The absolute rate of reduction could be determined if it were pos- 
sible to calculate the potential barrier, the height of which corresponds 
to the activation energy for the reaction. ‘The potential barrier in 
this case can be represented by a multidimensional surface, which is a 
function of the separation and mutual energies of linkage of the atoms 
involved, their energy in the field, the interaction energy existing 
between them, and the electron energies, which include the work fune- 
tion of the metal. The height of the barrier represents the energy 
that the system must possess in order to exist in the configuration that 
is expressed by other coordinates, that is the relative positions of the 
particles. 
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The consideration of the extremely complex case that we shall have 
to deal with will be qualitative. It is to be borne in mind that the 
absolute rate of reduction cannot be affected by the existence of other 
more favorable reactions, but the over-all rate can be influenced to 
the extent that the more favorable reactions decrease the chance of 
the less favorable reactions taking place. Furthermore, the existence 
of the products of the reaction is dependent not only upon a favorable 
potential barrier for their formation, but also upon the absence of other 
reactions of sufficiently low and narrow potential barriers that would 
effect their disappearance. 

The standard potentials of the various possible (over all) reactions 
that may occur are given in table 2. it will be noted that the table 
does not contain any information concerning the hypothetical quin- 
quevalent and quadrivalent states, as the evidence concerning their 
existence is unsatisfactory. Even if they did exist, their period of 
existence would be so short that they could not be rate-determining 
steps, and therefore they are practically unimportant. 


TABLE 2.—Standard Potentials of Reactions 


é denotes an electron. 
These values were taken from Abegg, Handbuch Anorgan. Chem. IV, 1 Ab., 2te Hilfte (1921). 














: Standard 
No. Reaction potential 
Volts 

1 cineracen esa che dab winielibecdmelgiiahiiinad 1/2Cr2O71-—-+-7H*+-36 = Cr++++-7/2H20 1.3 
Tig encin cosine winch tipi ee aei aeeanisanaiin 1/2Cr207--+-7H++46=Cr++ +7/2H20 9 
Qui dibs wislcnwngokvemee eae dake 1/2Cr207--+-7H++6é=Cr +7/2H20 4 
iis sis anus Sin onednctieoaamaaais aaa H++ é6=1/2H2 .0 
| SERBS BR aN FAT RE Cr++++ 6=Crt —.4 
| HIRES ermeeeire pees RSE SEEMS > Cr++ +26=Cr —.5 
Tikice cnicnsvteagniehadieaaiapaeds Cr++++3é=Cr —.5 





The reactions in table 2 divide themselves into two groups which 
involve, respectively, stronger and weaker oxidizing agents than the 
hydrogen ion/hydrogen couple. From a purely thermodynamic 
standpoint, reactions that involve more powerful oxidizing couples 
occur most readily at a cathode. Practically, this need not always be 
true at finite rates. From this standpoint, however, reaction 3 would 
be tremendously superior for the production of metal to any process 
that depends on reactions 5 and 6, or on 7. The experimental evi- 
dence indicates that in the chromic acid bath the metal is produced 
through reaction 3. The loss of much of this ‘thermodynamic’”’ 
advantage requires consideration, as it is in the manipulation of the 
contributing factors that the chance of improvement lies. 

In consequence of its negative charge, the dichromate ion possesses 
an unfavorable interaction coefficient with the cathode. As indi- 
cated above, the existence of undissociated molecules of chromic acid 
and the screening action of positive hydrogen and chromic ions assist 
the dichromate ion to obtain a finite interaction coefficient, which, 
however, cannot compare with those exhibited by positive ions. 
This factor alone could. give rise to a low over-all rate for the reaction, 
which would result in a high polarization for its appreciable occurrence. 

Another factor is the order of the reaction. It is known (40) that 
the deposition of metals does not occur atom by atom but in layers. 
Even though this reaction is of a very complex order, this phase of 
metal deposition is generally not the rate-determining step. Deposi- 
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tion of metal from the chromic acid bath demands that at no time 
can atomic or active chromium exist, as this is a powerful reducing 
agent. It is demanded that, since the pH of the cathode film is 3, 
the chromium must be stable with respect to a solution with that 
acidity. Since chromium is being produced from the sexivalent 
state, it is passive even though there is copious evolution of hydrogen. 
Passivity can have a meaning only when applied to metals in bulk. 
It is clear that production of metal from sexivalent chromium will 
be a reaction of a much higher order than the production of metal 
from the trivalent state, on account of the larger number of electrons 
involved, and the numbers of hydrogen ions that must enter into the 


reaction. Reactions of a higher order are generally improbable, but | 


become increasingly possible with increased polarization. 

Reverting to the potential barrier, it will be necessary to show 
what factors could in this case give rise to a reaction requiring a high 
polarization. On account of the large size and negative charge of the 
dichromate ion, the potential barrier will tend to be wide, and there- 
fore the activation energy would tend to be large. However, the 
condition that metal in bulk be formed requires that only those 
dichromate ions which have a narrow potential barrier produce metal, 
However, as this is the region in which the most powerful repulsive 
forces come into play, that barrier will be high. These ions will be, 
of course, a very small fraction of the dichromate ions in the cathode 
film. The absolute rate of reduction of these ions to the metallic 
state can be increased by lowering the height of the barrier, which is 
accomplished by increasing the energy of the electrons, that is, increas- 
ing the cathode potential. The over-all rate will increase if the con- 
centration of favorably situated ions decreases more slowly than the 
height of the potential barrier increases. The above arguments 
point to the conclusion that deposition of metallic chromium from 
the sexivalent state must be a reaction that will require a very high 
polarization, which is an experimental fact. 

Whether the reaction will be efficient depends on whether there 
exist in the system other reactions which could occur more efficiently 
at the polarization values required for a definite rate of the reduction 
of sexivalent chromium to the metallic state. It is known that 
reaction 4 (discharge of hydrogen) occurs and, in fact, it is the dom- 
inant reaction in the system. This is not surprising. The polariza- 
tion of that reaction is almost one volt. Its interaction coefficient 
gives rise to a very high effective collision frequency. It is, with the 
possible exception of reaction 5 (Cr*+*/Cr**), the reaction of the 
lowest order in the system. By virtue of the favorable interaction 
coefficient and size of the hydrogen ion, this reaction possesses & 
relatively narrow potential barrier, the height of which, manifested 
by the low hydrogen overvoltage on chromium, is low. It is this 
contrast of factors that gives the chromic-acid bath its very low 
efficiency, in spite of the fact that the production of metallic chromium 
from the sexivalent state is a much more favorable reaction ther- 
modynamically than the liberation of hydrogen. 

This leads us to the consideration of two paradoxes in the observed 
henomena. The first is the liberation of a powerful reducing agent, 
ydrogen, in the presence of a powerful oxidizing agent, chromic acid. 

The second is the nondeposition of copper, even though the hydrogen 
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jon is reduced. These paradoxes will be treated together. As 
pointed out, it is necessary that, for a definite rate of accumulation of 
a product, not only must the rate of its formation be high, but it 
must be higher than the rate of other reactions that tend to effect a 
re-solution of the products of the reactions. The stability of the 
chromium deposit is explained by its existence in the passive state. 
If, as is probable, hydrogen is discharged internally in the metal, that 
which escapes will be deactivated, and hence, not reoxidized by the 
chromic acid. Copper, however, can be discharged only on the sur- 
face, where it would in time be reoxidized by the sexivalent chromium. 
There are three electrochemical facts that make this theory seem 
plausible—(a) The observations of Pring (11) established that in 
some cases relatively thick deposits of a metal are necessary before 
the system acquires the hydrogen overvoltage of that metal in bulk, 
(b) hydrogen can build up to very high pressures in the interior of 
metals, and (c) the efficiency of chromium deposition may be affected 
by the base metal even though the deposit is thousands of atoms 
thick. 

There is good reason to believe that chromium deposition is cyclic, 
on which basis it is also possible to avoid the paradoxes. Chromium, 
copper, and hydrogen could be deposited in the favorable phases of 
the cycle. The hydrogen could be deactivated and escape, but the 
copper would be reoxidized in the unfavorable phases of the cycle. 
Chromium, being in the passive condition, would not bereoxidized. Still 
another explanation is possible, that is that the average concentration 
of chromic acid in the cathode film is so low that the hydrogen mole- 
cules can be deactivated and escape. Copper atoms, however, have 
no such alternative. It is also possible to explain this behavior by 
the experimental observation that copper does not deposit on passive 
chromium. The exact reason for this is unknown. 

Reactions 5, 6, and 7, which involve less powerful oxidizing agents 
than the hydrogen ion/hydrogen couple, belong to two classes. The 
latter two reactions involve the production of metal while the first 
does not. While the experimental evidence excluded the possibility 
that the metal which was produced resulted from reactions 6 and 7, 
it did not exclude the occurrence of these reactions. They are ther- 
modynamically possible, but the continued existence of the products 
of the reaction is inhibited not only by the existence in the cathode 
film of sexivalent chromium, but also of the hydrogen ion itself. It is 
known as an experimental fact that reaction 5 is easier to perform than 
6 or 7, which is also in accord with the analysis presented. It is de- 
manded, therefore, that the over-all rate be increasingly inefficient in 
the chromic-acid bath as we proceed from reaction 5 to 7. 

The basic sol formed at the cathode film tends to inhibit all plating. 
However, if it can have its electrophoretic velocity lowered, this effect 
can be minimized. According to the theory proposed (35) the sul- 
phate effects this through adsorption, but the density of anions in the 
cathode film is normally too low, unless a special means of transport 
is available. It was pointed out that the positive molecular ions 
(green complexes) of chromium furnish such a means and give the 
required differentiation between the ineffective dichromate ion and effec- 
tive anions such as sulphate. This theory demands that reaction 5 (or 
a similar reaction) be possible. The absolute rate of reduction is not, 
as we have pointed out, affected by the existence of other more favor- 
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able reactions. Since there must be a relatively high concentration 
of trivalent chromium ions next to the cathode, reaction 5 (the most 
efficient of the above reactions) can occur to some extent. It has 
been shown in other researches (12) that the simple chromic ion is 
more readily reduced than the positive molecular ions of trivalent 
chromium, though both are of the same order of magnitude. [If 
reaction 5 is possible, the reduction of the green complexes is possible, 
at least to such an extent that the sulphate ion is liberated at the 
cathode. There is no doubt that the competing reactions will make 
the over-all rate very low, but that is not serious because the direet 
reduction of sexivalent chromium is also inefficient, and it is the rela- 
tive rate that counts. It is to be borne in mind that we are concerned 
only with the transient phases of the reaction. 

It might be assumed that the deposition of chromium occurs from 
the trivalent state, for which the interaction coefficient and cathode 
potentials are favorable, and that the function of the chromic acid 
is to keep the deposited metal passive and thus prevent its re-solution, 


However, the formation of any phase (in this case active chromium) F 
from a solution with respect to which it is not stable under the con- 7 


ditions of its formation is contrary to the principle of detailed balance. 
ing (17, 25). The supposition that the unstable phase may be con- 
verted into a stable one by a further reaction does not avoid the f 
difficulty, and the hypothesis stated, therefore, does not offer any fF 
help in the theory of chromium deposition. F, 

The theory of direct deposition of chromium from the sexivalent [7 
state in the chromic acid bath accounts for all the important facts of 
the process. The presence of the chromium in the form of a strong 7 
oxidizing agent permits relatively efficient reduction in acid solutions. 7 
With the chromic and chromous salt baths the acidity of the cathode § 
film must be so low for relatively efficient deposition that the hydroly- 
sis of the chromic ion produces inferior deposits. The fact that the 
strong oxidizing agent exists in an acid solution as a large negative | 
ion results in a bath with a very high polarization and low cathode 
efficiency. 


V. POSSIBILITY OF IMPROVING CHROMIUM PLATING f 


It has been long thought that the inefficiency of the chromic-acid 
bath is caused by two of the factors that were mentioned in the 
previous section; namely, poor interaction with the cathode and 
high order of the reaction. This conclusion has no doubt led to many 
of the investigations on trivalent chromium baths. Such systems § 
have good interaction coefficients and the order of the reaction is 
low. However, the reduction of trivalent chromium is more difficult 
than that of sexivalent chromium on account of the free energie § 
involved. To some extent the study of low-valence chromium baths 
has been instigated by the efficient deposition from nickel and zine 
baths. It is now certain that for fundamental reasons neither the 
trivalent nor bivalent chromium baths can approach the efficiencies 
(with good deposits) that are found in nickel and zine baths. The 
advantage of having the chromium in the form of a strong oxidizing 
agent apparently outweighs any disadvantage of its presence as a 
large negative ion. It is therefore logical to seek improved operation 
of the chromic-acid bath by minimizing its disadvantages. 
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It does not appear possible to change the order of the reaction, but 
it may be possible to bring about more favorable interaction coeffi- 
cients. If it were possible to have the sexivalent chromium in a 
positive molecular ion or in a homopolar molecule that is less dis- 
sociated than dichromic acid, H:Cr,O;, higher efficiencies might 
result. Such an attainment of a more favorable interaction coefficient 
would be at the expense of the thermodynamic ease of reduction. 

In the absence of definite information concerning the existence of 
such complexes, attention was focused on the possible effects of 
positive ions. It was pointed out that the chromic ion by its screen- 
ing action undoubtedly assists the sexivalent chromium to reach the 
cathode. It would be expected that the addition of cations of equal 
or lower charge would have little effect. These predictions have been 
confirmed experimentally. The behavior of quadrivalent ions is 
unknown. It is doubtful, however, whether a dichromate of a quad- 
rivalent ion can exist in any form other than the basic salt at the low 
acidities existing in the cathode film. The presence of basic salts 
there would, according to the above theory, restrict the plating range. 
With stannic hydroxide (metastannic acid), which is only slightly 
soluble in chromic acid solution, it was found that the current effi- 
ciency did not improve and that the plating range was very much 
restricted. 

The most attractive direction for investigation is in the alteration 
of the structure of the colloidal material in the cathode film. It is 
to be expected that any positive ion that hydrolyzes at the pH of 
the cathode film should alter the structure of the colloidal material 
there. The small effect on the current efficiency and plating range 
at high temperatures produced by the addition of iron (or ferric 
hydroxide) is difficult to explain from this point of view. From this 
result, however, it is predictable that the effect of aluminum (alumi- 
num hydroxide) would also be small. We have confirmed this pre- 
diction with experiments made at 45° C. An agent which may affect 
the colloidal structure is phosphoric acid. Contrary to statements in 
the patent literature, pure phosphoric acid is not an effective sub- 
stitute for sulphate, and, when added in appreciable amount together 
with sulphuric acid, it prevents plating. The low solubility and 
easy coagulation of chromium phosphate cause this behavior. Arsenic 
acid acts similarly. 

The use of buffers is another possible avenue of attack, especially 
to widen the plating range. ‘‘Burnt’’ deposits are caused, first, by 
the hydrolysis of the chromic ion at the pH then prevailing in the 
cathode film and, second, by the insufficiency of hydrogen ions to 
neutralize all of the oxygen ions set free by the reduction of the 
dichromate radical. A suitable buffer should be effective at a pH 
between 3 and 4, and it should form no complexes with trivalent 
chromium. Arsenic acid acts as a buffer at a low pH but it is unsuit- 
able because, as indicated above, chromic arsenate tends to stop plat- 
ing. Monochloroacetic acid and dichloroacetic acid (which are stable 
in chromic acid) were tried in concentrations that would be expected 
to have a buffer action. Their only effect was to impair the quality 
of the plating. A similar result was obtained for acetic acid. It is 
probable that the formation of complex ions masks any beneficial 
buffering effects of these acids. 
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The theory explains clearly the characteristics that a negative anion 
must have to be an effective addition agent (that is, a substitute for 
sulphate). Unfortunately, no anions other than the fluoride and sul- 
phate satisfy all of these criteria. The selenate, for example, has the 
necessary adsorbability and it forms green complexes, but is not 
stable, being reduced at the cathode even in chromic acid solutions, 


VI. CONCLUSIONS 


1. Chromium is deposited in the chromic acid bath directly from 
the sexivalent state. 
2. The liberation of hydrogen probably occurs through discharge 


within the metal. 

3. The liberation of sulphate at the cathode is made possible by a 
reduction of the chromic to the chromous ion. 

4. Improvements in the performance of the chromic acid bath 
might be produced if it were possible: (a) To have the sexivalent 
chromium present in a molecule that is less dissociated than dichromie 
acid, (b) to change the structure of the colloidal material in the 
cathode film, or (c) to change the buffer characteristics of the cathode 


film. 
Efforts to make improvements over the present chromic acid 
baths that contain sulphate or fluoride were unsuccessful. 


Acknowledgments are made to W. Blum, who directed the work, 
and gave valuable advice in the preparation of the manuscript. 
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PERFORMANCE OF A HOLLOW-WARE EXTRUSION MA- 
CHINE WITH DIFFERENT COMBINATIONS OF AUGERS, 
SPACERS, AND DIES 


By Paul V. Johnson and Ray T. Stull 


ABSTRACT 


A study was made of the effect of various combinations of augers, spacers, and 
dies on the performance of a union-type auger machine used in forming hollow 
clay tile. Measurements were made of the rate of extrusion per unit of time, per 
unit of power input, and per unit of power absorbed by the auger. Single-, 
double-, and triple-wing augers were used in combination with spacers 10, 15, 
and 20 inches in length, with dies 4, 5, and 6 inches in length, and die tapers of 
0, 2, 3, 4, and 6 degrees. The effect of these variables on the density of the 
extruded clay was also noted. 

Of the three augers, the single wing was the most efficient when used with a 
10-inch spacer and a die not less than 4 inches in length. 

Power consumption increased as the spacer or die length was increased, and 
also as the die taper was increased or decreased from 3 degrees. The rate of 
extrusion was highest with the 10-inch spacer and 3-degree tapered die. The 
density was not affected by changes in augers, spacers, or dies, but increased as 
the water content decreased. 
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I. INTRODUCTION 


This paper reports results of further studies at this Bureau in con- 
nection with machines for extruding clay columns. The results of 
earlier work, in which the effect upon performance caused by changes 
in design of augers, spacers, and dies for auger brick machines was 
considered, are given in a previous paper.’ The following report 
deals specifically with the effect of the same factors upon the per- 
formance of auger machines used in the production of hollow tile, 
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commonly known as “structural clay tile.” The extrusion machine 
assembly and various measuring devices used in this investigation 
were designed and assembled by P. C. Grunwell. 

In the formation of clay products by extruding continuous bars oy 
columns of clay through dies, the resulting products may be classified 
as either ‘“‘solid ware” or “hollow ware.” After the clay enters the | 
solid-ware die of the type used in the former investigation, resistance } 
to flow results from friction between the clay and the die walls. To 
form the “‘cells’”’ or ‘‘voids” in hollow ware the die is provided with 
cores which are suspended on rods from a cross bar or bridge, the 
latter being placed at some suitable distanve back of the die entrance, 
This arrangement acts as a baffle in the path of the clay and causes 
a retardation of flow additional to that resulting from friction between 
the clay and die walls. 

The additional load imposed by the presence of the bridge and 
cores in a hollow-ware die and the restriction to the flow of clay at 
or near the center of the column influence the performances of various 
combinations of augers, spacers, and dies in a manner somewhat 
different from those of the solid-ware die. 


II. SCOPE OF THE INVESTIGATION 


In this investigation the effect of the design of the dies, augers, 
and spacers upon performance was considered. The studies included | 
determination of the water content and workable characteristics | 
of the clay used for each test; changes in certain independent vari- | 
ables, namely, design of auger tips; distance of ingress of the die from | 
the auger tip (hereinafter referred to as the length of spacer); length | 
of die; and taper of die. Measurements were made also of extn. | 
sion rate of clay column; total electrical energy consumed by the | 
assembly; amount of useful work done by the auger; and deasity of | 
the extruded clay. | 


III. EQUIPMENT AND MATERIAL 
1. EXTRUSION MACHINE 


The auger machine used in the previous investigation was pm- 
marily designed for the production of brick and proved to be unsuit- 
able for the extrusion of hollow ware because of its small capacity 
and light construction. It was consequently replaced by a “‘union’- 
type machine of greater capacity and power in which the pug mill 
and auger machine are combined instead of being built in separate 
units. This extrusion machine is shown in figure 1. 

The pug mill was provided with a shaft which carried twenty 
knives with adjustable pitch and four kickers at the outlet end of 
the pugging chamber to force the clay downward into the auger 
barrel. The auger barrel carried a separate shaft provided with 
seven interchangeable half-wing augers and one interchangeable auger 
tip which propelled the clay cbrough the auger barrel and forced it 
through the auger and die, B. 

As the clay column emerged from the die it was cut into pieces | 
and dropped into a small horizontal conveyor, C, which carried the | 
clay to a housed inclined belt conveyor, D. The latter elevated the 7 
clay to a chute by means of which the clay was returned to the pug | 
mill, thus forming a “closed circuit” of operation, . 
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Extrusion_machine assembly. 
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The roller thrust bearing of the auger shaft and the ball-bearing 
joint (the latter at KE, fig. 1) of the auger barrel used on the brick 
machine in the previous investigation were fitted to the new machine. 
The torsion-measuring apparatus consisting of the movable arm, F, 
attached to the ball-bearing joint, the dynamometer scale head, G, 
and the recording integrator, H, was placed in the same relative posi- 
tion as in the former investigation. These have been described in 
the previous publication.’ 

New interchangeable auger tips of single-, double-, and triple-wing 
design, 11% inches in diameter (I, J, and K), were made to fit the 
barrel of the new machine. The pitches of these tips were 5%, 11, 
and 9% inches, respectively. 

Ten-, fifteen-, and twenty-inch interchangeable spacers, 12 inches 
in diameter, were used in the study of the effect of length of spacer 
upon die performance. 

Figure 2 shows the details of a typical spacer and die assembly. 
The dies and cores were “built up” of 1-inch segments so that the 
die length or the core length could be changed either by inserting or 
removing one or more segments. For a study of the effect of die 
taper on machine performance, dies of 0-, 2-, 3-, 4-, and 6-degree taper 
were used. The taper was confined to the first 3 inches of the die 
ingress. Changes in die length were made by increasing or decreasing 
the length of straight issue. Thus, a 4-inch die had 3 inches of taper 
and a l-inch issue, while a 6-inch die had 3 inches of taper and 3 
inches of straight issue. 

The bridge supporting the core posts and cores was attached to the 
inner wall of the spacer between the auger and die so that die changes 
could be made without disturbing the relative positions of the core 
and bridge. 

A small “footage counter” or measuring device consisting of a 
wheel and revolution counter was attached to the egress end of the 
die to measure the length of clay column as it issued. 

A 3-phase, 60-cycle, 220-volt, 680-rpm, 50-hp induction motor 
drove the auger machine through a chain drive and friction clutch. 

The horizontal conveyor and the inclined conveyor returning the 
clay to the auger-machine pug mill were driven by a separate motor. 

Measurements of the total power consumed by the auger machine 
assembly were made with the same integrating watt-hour meter used 
in the previous investigation. The amount of useful work performed 
by the auger was determined by means of the ball-bearing joint 
torsion measuring apparatus. oO measurement was made of the 
power consumed by the independent 5-hp motor driving the return 
conveyors. 


2. CLAY 


_The clay used for the tests was the same as that used in the pre- 
vious investigation. It is a very fine grained plastic clay from eastern 
Maryland and was particularly constant in its working properties. 
Any significant changes in the working properties of the clay could 
be attributed to changes in its water content. 

The clay was crushed in a dry pan to pass a no. 20 sieve and 
stored in bags. A batch of clay was prepared as needed by tempering 
the air-dried clay in a wet pan with sufficient water (about 26 percent) 


* BS J. Research 1, 1023 (1928) RP36. 
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to produce the desired plasticity. The tempered clay was stored in a 
“moist box” (M, fig. 1). 

One clay batch was sufficient for a single complete test, and the 
same batch was used for successive tests until its moisture content had 
decreased to about 24 percent. This appeared to be the low limit for 
desirable working properties, and was generally reached after 12 to 14 
extrusions had been made. The clay column was then cut into 
lengths, air-dried, and stored for future use. 


IV. OPERATION 
1. EXTRUSION 


The pug mill to the auger machine was filled with tempered clay, 
and the assembly operated for a few minutes to insure sufficient clay 
in the machine and on the conveyor to deliver a constant supply to 
the pug mill, and to determine that the extruded column was of satis- 
factory quality. The column was considered satisfactory when 
straight, all om and webs well filled, and the corners free from feather 
edging. 

The assembly was then operated for a period of ten minutes and 
readings were taken simultaneously on the watt-hour meter, footage 
counter, and recording integrator. A unit length was cut from the clay 
column at the beginning and the end of the 10-minute test and weighed. 
From the data thus obtained the total power input, amount of power 
consumed by the auger, and the total weight of clay extruded were 
calculated. 


2. FLOW PRESSURE, MOISTURE CONTENT, AND DENSITY 


One sample of the clay was taken at the beginning of the test and 
another at the end for determining flow pressure and moisture con- 
tent,’ in order to correlate the results of succeeding tests with the 
workability of the tempered clay. Two sections of the clay column, 
3% inches long, were used for determining the density of the extruded 
clay, which was done by means of an overflow volumeter of the 
Schurecht type,* using kerosene as the liquid. 


V. RESULTS 
1. PERFORMANCE OF AUGERS 


Each value given in the data tables was computed from the results 
of a series of 12 to 14 extrusion tests using one batch of clay repeatedly 
until the moisture content of the clay had dropped from about 26 
percent to not less than 24 percent. As the clay became ‘“‘stiffer”’, 
from decreased water content, the power consumption increased 
and, in general, the rate of extrusion increased. The data obtained 
in any one series of tests were averaged and these averages were 
taken as the numerical values for the particular combination of 
equipment used in that test. 

Tables 1, 2, 3, and figures 3 and 4 show the relative performances 
of the single-, double-, and triple-wing auger tips. Hach proved 
most efficient in combination with the 10-inch spacer and 4-inch 


' These determinations were made in the same manner as described on p. 1034 of reference 1. 
‘H. G. Schurecht, J. Am. Ceram. Soe. 3, 730 (1920). 
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die of 3-degree taper. With this combination the greatest rate of 


extrusion was obtained per 1ainute, per hp-hr input, and also per 
hp-min consumed by the auger. Of the three augers the single 
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wing was more efficient than the double or triple wing, and the 
latter more efficient than the double wing with respect to rate of 
extrusion and power consumption. 
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TABLE 1.—Effect of spacer length on performance, using 6-inch die with 3-degree 


taper 
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Satisfactory clay columns were obtained when using the single- 
wing auger with dies 5 or 6 inches long, but some difficulty was 
encountered in extruding a satisfactory column when using the 
single-wing auger with a 4-inch die. In the latter case a zigzag 
motion, which was especially noticeable with soft tempered clay, 
was imparted to the clay column. The double- and triple-wing 
augers produced clay columns of good quality with all three die 
lengths. 


2. EFFECT OF SPACER LENGTH ON PERFORMANCE 


In table 1 and figure 3 (e, f, g, h) are shown the results of the 
tests made with the 10-, 15-, and 20-inch spacers with various com- 
binations of augers and dies to determine the relative effect of change 
in spacer length on the performance of the machine. 

It is seen that any increase in length of spacer through which 
the clay must be forced as it approaches the die results in increased 
power requirements, both power input (table 1) and power con- 
sumed by the auger (table 1 and fig. 3 (f)). The rate of extrusion 
increased 66 percent as the spacer length was decreased from 20 
inches to 10 inches when the single-wing auger was used, increased 
48 percent when using the double-wing auger, and increased 34 
percent with the triple-wing auger. 


3. EFFECT OF DIE LENGTH ON PERFORMANCE 


Practical working limits of die length as determined were 4-inch 
minimum and 6-inch maximum. Dies less than 4 inches long pro- 
duced a defective column due to zigzagging, except when the water 
content of the clay used in this study did not exceed approximately 
24 percent. When a drier clay was used the quality of column was 
satisfactory, but the power required was excessive. 

A satisfactory column was obtained with a 6-inch die under all varia- 
ble conditions, while dies of greater length did not improve the quality 
of the product. Within these limits die length had very little effect 
upon the rate of extrusion, as may be seen from table 2 and figure 
3 (a). 

The effect upon power requirements, however, was very pronounced, 
the longer the die the greater the total power input (table 2) and the 
smaller the amount of clay extruded per unit of power consumed 
(table 2 and fig. 3 (d)). The auger required greater power as the die 
length increased (table 2 and fig. 3 (b)) in order to maintain a steady 
rate of extrusion. This resulted in a decreased rate of extrusion per 
horsepower-minute consumed by the auger, as shown in figure 3 (c). 


4. EFFECT OF DIE TAPER ON PERFORMANCE 


Taper is the most important factor in the design of the die. Table 
3 and figure 4 show the effect of variation in taper on performance. 
The data indicate that a 3-degree taper offered minimum resistance to 
formation and issue of the clay column, and consequently the maxi- 
poe rate of extrusion was obtained with minimum power at that 
aper. 

In order to understand the effect of die design upon performance, 
the analysis can most advantageously be made through a study of the 
influence of any change in the die upon the amount of useful work 





720 Journal of Research of the National Bureau of Standards [va. 4 


done by the auger. The data of table 3 and figure 4 indicate that 
irrespective of whether the single-, double- or triple-wing auger was 
used, a die of 3-degree taper resulted in the maximum rate of extrusion 
per unit of time, per unit of power input, and per unit of power con- 
sumed by the auger. Also, it is seen that the die becomes less efficient 
as the taper is changed in either direction from 3 degrees. As the die 
taper is increased from 0 to 3 degrees, or decreased from 6 to 3 degrees, 
the total power input to the assembly increases. However, power 
input does not increase at the same rate as the increase in pounds of 
clay extruded per minute, and the maximum rate of extrusion per 
hp-hr input was obtained when a die with 3-degree taper was used. 
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Figure 5.—Effect of die taper on the relation between power input and power 
consumed by the auger. 


The data representing the amount of work performed by the auger 
show (table 3 and fig. 4) that as the rate of extrusion increased and the 
total power input decreased, the power consumed by the auger 
decreased and reached a minimum at a die taper of 3 degrees. The 
relation between auger horsepower consumed and total horsepower 
input as affected by the die taper is illustrated in figure 5, while the 
relation between auger horsepower, total horsepower input, and rate 
of extrusion as affected by die taper is shown in figure 4. 

It is apparent that as the die taper approaches 3 degrees there is an 
increasing amount of energy being consumed by agencies other than 
the auger. As this condition changes, the pug-mill knives and kickers 
are required to do more work due to the increased rate of extrusion from 
the die requiring a greater rate of feed to the impeller blades and auge 
However, from table 3 and figure 4 it is seen that the additional power . 
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required by the pug mill is not sufficient to decrease the rate of extru- 
sion per hp-hr input. 

A very strict interpretation of the data would result in the conclu- 
sion that the 3-degree taper die is unquestionably the most efficient. 
However, several dies used produced good results and might well be 
used without seriously affecting the efficiency under conditions not 
conducive to using of a 3-degree die. A product of satisfactory 
quality is, after all, of paramount importance and there may be condi- 
tions which would require a die having a taper other than 3 degrees. 
Consequently, a more desirable interpretation would be to consider the 
data as indicating that there is some taper at which a die tends to be 
most efficient and that, within the limits of this investigation, that 
taper was 3 degrees. 

Likewise the selection of any one auger as most efficient is hardly 
feasible, local conditions again being of great importance. The data 
here presented indicate that the single-wing auger is capable of pro- 
ducing better results should its use prove possible. 


5. REPRODUCIBILITY OF RESULTS 


Upon the conclusion of tests involving the different equipment 
combinations, an additional series of tests was made using a single- 
wing auger, 10-inch spacer, and a 6-inch die of 3-degree taper. The 
data from these tests were compared with data obtained in the 
previous tests in which the same combination of auger, spacer, and die 
had been used. The values for ‘‘ pounds of clay extruded per minute”’ 
checked within 3.6 percent, for ‘“‘power consumed by the auger” 
within 2.5 percent, and for ‘‘total power consumed” within 1.2 
percent. 


6. DENSITY OF EXTRUDED CLAY 


Density determinations were made on samples from approximately 
200 tests involving each different combination of equipment used 
throughout the investigation. In table 4 are given the results of 
determinations from twenty tests which are indicative of the trend of 
results in all of the tests. 


TaBLE 4.—Density of clay extruded with various equipment combinations 
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It is apparent that changes in die, auger, or spacer design do not 
materially affect the density of the clay column, but that water 
content does. 
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VI. SUMMARY AND CONCLUSIONS 


A study was made of the effect of various combinations of augers, 
spacers, and dies on the performance of a union-type auger machine 
used in forming hollow clay tile. 

Various combinations of equipment were used consisting of augers 
of single-, double-, and triple-wing types; 10-, 15-, and 20-inch spacers; 
dies 4, 5, and 6 inches long, and die tapers of 0, 2, 3, 4, and 6 degrees, 
Measurements were made of the rate of extrusion per unit of time, 

er unit of power input, and per unit of power absorbed by the auger, 
ensity determinations of the clay column extruded were also made, 
From the data obtained the following conclusions seem justified: 

1. The single-wing auger is most efficient with respect to rate of 
extrusion and power consumption, but cannot be used throughout 
as wide a range of variable conditions of spacers and dies as can the 
double- or triple-wing augers. 

2. The greater the spacer length, the greater the power consumption 
and the lower the rate of extrusion. 

3. Power consumption increases as the die length is increased. 
Within practical working limits changes in die length had no appreci- 
able effect on rate of extrusion. 

4. Maximum rate of extrusion per minute, per hp-hr input, and 
per hp-min consumed by the auger was obtained with a die of 3 degree 
taper. 

5. Changes in die, auger, or spacer design do not materially affect 
the density of the extruded clay column, but water content does. 


Wasuinoton, March 9, 1935. 
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BEHAVIOR OF HIGH-EARLY-STRENGTH CEMENT CON- 
CRETES AND MORTARS UNDER VARIOUS TEMPERA- 
TURE AND HUMIDITY CONDITIONS 


By Louis Schuman and Edward A. Pisapia 


ABSTRACT 


Data were obtained on the properties of 12 commercial high-early-strength 
cements, and on various mortars and concretes made from them. 

All of the cements gave early strengths higher than those of ordinary portland 
cements. The strength of 1:2:4 concrete with C/W ratio of 1.50 by weight varied 
from 560 to 1,120 lb/in.? at 1 day, and from 1,590 to 2,590 lb/in.? at 3 days. 
Concrete stored during the first 24 hours at 90 and 110° F was greater in strength 
than concrete stored at 70° F. Damp-stored specimens gave the highest strengths 
after 28 days. Concrete subjected to 300 alternations of freezing and thawing 
had slightly lower strengths than concrete stored 1 year in the damp room. 
Freezing and thawing combined with drying and soaking caused severe spalling 
on mortars and concretes made from some of the cements. 

Certain mortar specimens made with the same C/W ratio as concrete cylinders 
were about equal in strength to the cylinders at early ages. 

The heat evolved by the cements was computed from the rise in temperature 
of concrete in an adiabatic calorimeter. At 90 days the heat evolved varied from 
104 to 130 cal/g of cement. 

No definite relation was found between cement compound composition and 
strength, length changes, or resistance to freezing, thawing, drying, and soaking 
of mortars and concretes. 
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I. INTRODUCTION 


The compressive strength of the high-early-strength cements in 
various concretes hardened at normal temperatures is known. Infor- 
mation regarding the strength when hardened at higher temperatures, 
and comparison of the composition and fineness of the cements with 
such physical properties as strength, volume changes, resistance to freez- 
ing and thawing, heat evolution during hardening, etc., are lacking 

The studies included in this investigation were undertaken to secure 
data for making these comparisons. 


II. OUTLINE OF TESTS 
1. CEMENTS AND MORTARS 


Twelve samples of cement were received from different mills, but 
some of the samples were of the same brand. Each sample of about 
8 barrels was well mixed and then stored in metal drums sealed with 
paraffin. 

The weight per cubic foot of the cement, time of set, amount re- 
tained on sieves nos. 200 and 325, and on a specially prepared sieve 
designated no. 450, specific surface (by the Wagner turbidimeter), 
soundness, and chemical composition were determined. The follow- 
ing mortar specimens were made: (1) standard briquets, (2) 2-inch 
cubes made of a 1:3 mortar using standard Ottawa sand, (3) 2-inch 
cubes made of a 1:2.74 mortar, using quarry-run Ottawa sand, with 
cement-water ratio of 1.89, equivalent to 6 gallons per sack, (4) 
2-inch cubes of a 1:5 by weight mix of cement with an aggregate 
proportioned 1 part quarry-run Ottawa sand, 2 parts standard 
Ottawa sand, 3 parts of Potomac River sand retained on a no. 8 
and passing a no. 4 sieve, and (5) prisms 1% by 1% by 4 inches, of the 
same mix as (3). One set of the prisms was tested in compression, 
with the load parallel to the long axis, and one set tested transversely 
on a 3-inch span with the load applied at the midspan. The halves 
from the transverse test were tested in compression by applying a 
load through steel plates 1%-inches wide, placed on opposite sides of 
the specimen, so that the loaded area was a square 1% inches on a 
side. Two ends of the specimen in this test projected somewhat 
beyond the loading plates. The load was Peel 2. 2 to the original 
long axis of the prism. This type of test has been used in Europe;! 
and is now being considered by Committee C-1 of the American 
Society for Testing Materials. 


2. CONCRETES 
(a) MIXING AND STORAGE 


The 6- by 12-inch concrete cylinders were made of cement, Potomac 
River sand, and Potomac River gravel. The sand had a fineness 
modulus of 2.8. The proportions of cement, sand, and gravel are 
given in table 1. 


1 Proc. Int. Soc, Testing Materials, 6th Congress, 2nd sec. part 13 (1912), 
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TasLE 1.—Proportions of cement, sand, and gravel in 6- by 12-inch concrete 
cylinders 





Proportions by— 


Material Remarks 
Weight Volume 








1.00 1,00 | 94 Ib of cement, as- 
sumed equal in bulk 
to 1 cu ft. 

2. 2.00 | Dry-rodded volume. 


{4.0 combined Do. 


1. 
Gravel; % to %4 inch 4, ay 
% to Linch 1 














Specimens were made using cement-water ratios (C/W ratio) of 
1.73, 1.50, and 1.33, by weight (6.5, 7.5, and 8.5 gallons of water per 
94 pounds of cement), except that for the adiabatic storage, only the 
1.50 cement-water ratio was used. Specimens were made in triplicate. 

The materials for each cylinder were mixed dry by hand, the water 
added, and then mixed for 2 minutes. Flow and slump tests were 
made on those batches which were mixed at 70° F. The temperature 
of the mixes and the conditions of storage during the first 24 hours 
after making were: 

(1) Mixes at 70° F, stored in air at 70° F. 

(2) Mixes at 90° F, stored in air at 90° F. 

(3) Mixes at 110° F, stored in air at 110° F. 

(4) Mixes at 70° F, stored in a thermally insulated cabinet. 

(5) Mixes at 70° F, stored adiabatically. 

After the first 24 hours, under the first four conditions, specimens 
for compressive-strength and linear-change determinations were 
treated as follows: (1) Stored in a damp room at 70° F, (2) stored in 
the air of a laboratory maintained at 70° F, (3) stored outdoors until 
tested at the end of 1 year, and (4) subjected to 300 cycles of alternate 
freezing and thawing (each cycle being completed in 24 hours). 

Temperatures during the first 24 hours after making were measured 
on one of each set of three cylinders by a copper-constantan thermo- 
element, consisting of three couples in series. Each set of three junc- 
tions was tied together. One set was inserted at the center of the 
cylinder, the other in melting ice. In the 90 and 110° F storages the 
temperatures were measured by a recording galvanometer, and in the 
70° F and insulated storages by a recording potentiometer. The use 
of three couples in series was for the purpose of securing greater 
accuracy where the temperature rise was small. For the specimens 
stored at 90 and 110° F during the first 24 hours, the temperature 
within the storage box was automatically maintained by electric 
heaters over which the air of the cabinet was continually circulated. 

The cylinders to be stored at 70, 90, and 110° F were cast in steel 
molds, with steel top and bottom plates. Those for storage in the 
insulated cabinet were cast in paraffined paper molds, and the filled 
mold placed in a metal cylinder surrounded by a thickness of 9 inches 
of diatomaceous silica, The cylinders to be stored adiabatically were 
cast in tinned sheet-iron molds which were hermetically sealed. 
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(b) EXPANSION MEASUREMENTS 


The apparatus for expansion measurements consisted of a metal 
cradle into which the cylinder was so placed in a definite horizontal 
position that a fine line scratched on a glass plate cast in one end of 
the cylinder was in contact with a blunt-pointed screw attached to 
the stand, while the stem of a dial micrometer touched a glass plate 
in the other end. Measurements were made on two such sets of glags 
plates that were placed in the ends of each cylinder. Readings on 
the cylinders in the 90° F, 110° F, and insulated storages were taken 
both on the removal from the molds and after cooling to 70° F. The 
temperature within the cylinders, which were stored in air at 70° F, 
was generally slightly higher than 70° F at the end of 24 hours; no 
measurements were made before these cylinders had cooled to 70° F, 
All specimens were then placed in the designated storages for subse- 
quent tests. After the initial measurements were made the cylinders 
stored in the damp room and in the laboratory air were measured at | 
the ages of 7 and 28 days, 6 months, 1 year, etc.; those stored out- j 
doors were measured only at 1 year (after storing for the last 10 days 
in the air of the laboratory at 70° F). The specimens subjected to 
freezing and thawing were measured at 1 year and at 300 cycles. All 
expansions and contractions were based upon the length of the 
cylinders at 1 day, measured at 70° F. 


(c) FREEZING, THAWING, DRYING, AND SOAKING TESTS 


Three- by six-inch concrete cylinders, with a C/W ratio of 1.50 (7.5 
gallons of water per sack) were made for determining the effect of 


cycles of drying and soaking, and of freezing, thawing, drying, and 
soaking on the strengths of the concretes of the different cements, 
The mix was the same as for the 6- by 12-inch cylinders, except that 
the aggregate had a maximum size of % inch, and for a unit weight of 
cement was proportioned as follows: 





Proportions, 
Size of gravel by weight 





2. 52 
1.99 














The ratio of the weights of the 4- to %-inch gravel and %- to %-inch 
gravel was the same as in the 6- by 12-inch cylinders. 

All specimens were kept in the molds for 48 hours, then in water 
for 24 hours, and then started in the specified treatment. 

For each cement, cylinders were made for three different treat- 
ments: 

(1) One freezing and one thawing daily for 3 successive days, then 

3 days’ ing at 150° F, then 1 day storage in water. 

(2) Drying 3 days at 150° F, soaking 4 days. 

(3) Damp storage. 

The drying took place in an oven maintained at 150° F, through 
which air was blown after passing through heaters. Fresh air was 
continuously drawn into the oven. 

Specimens were tested in compression after 15, 25, 50, and 100 
cycles of treatments (1) and (2), and after damp storage for corre- 


sponding ages. 
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Specimens for expednel measurements, subjected to the same 
treatments as the 3- by 6-inch cylinders, were made from each cement, 
in the form of 2- by 12-inch cylinders with glass plates as reference 
marks set in the ends. The mix used was the same as that used in 
the 1:5 mortar cubes (see cements and mortars). This gave a mortar 
of about the same consistency as the mix used for the 3- by 6-inch 
cylinders. ‘The expansion measurements were made in an apparatus 
similar to that used for the 6- by 12-inch cylinders. Observations 
were taken after each set of three freezings and thawings, after drying, 
and after soaking. The damp-stored specimens were measured at 
the same ages as the corresponding specimens in the other treat- 
ments. All specimens were allowed to reach 70° F before measuring. 


(d) COMPRESSIVE STRENGTH 


The loads were applied at the rate of approximately 1,000 lb/in? 
per minute. The specimens in damp storage and those subjected 
to freezing and thawing were tested in the wet condition. The 
specimens stored outdoors were stored in the air of the laboratory 
at 70° F for 10 days before testing. The air-stored specimens were 
tested without further treatment. 

Most of the specimens were prepared for testing by grinding the 
ends. In those cases where the cylinder ends could not be trued by 
grinding, as those with glass plates inserted in the ends, plaster caps 
were applied. 

III. TEST RESULTS 


1. TESTS OF CEMENTS AND SMALL SPECIMENS 


The chemical composition, calculated compound composition, 
fineness, specific surface, time of setting, and weight per cubic foot 
of each cement are given in table 2. 

The calculated compound compositions of the cements differ 
widely. The tricalcium-silicate content ranges from 34 to 70 percent, 
dicalcium silicate from 0 to 38 percent, the tricalcium aluminate from 
7 to 17 percent, and the tetracalcium alumino ferrite from 6 to 10 
percent. It is noteworthy that one of the cements (no. 12) contains 
more dicalcium silicate than tricalcium silicate. 

The fineness also varies considerably; the specific surface values 
are considerably higher than similar values for standard portland 
cement. For example, in one cement, the weight of the fraction 
containing particles less than 10 microns in diameter exceeded 40 
percent of the total weight of the sample. With the possible excep- 
tion of an earlier final set, the setting characteristics are similar to 
those of the slower-hardening cements. The weights per cubic foot 
show how much these depart from the commonly accepted figure of 
94 pounds. 
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Table 3 presents the results of the strength tests of the mortar 
specimens. The average values for each type specimen are also 
given. 

Although tension and compression tests only are required in the 
United States in strength specifications for cement, transverse tests 
also are being used or considered in some countries. In these studies 
transverse tests were made, and the resultant halves of the specimens 
were tested in compression. 
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Ficure 1.—Relation of compressive strength of concretes and mortars. 


The results of the tensile tests are typical in that there is in all but 
one case a retrogression after 28 days, a phenomenon not typical d 
cement mortars or concrete tested in compression at correspon 
ages. It is to be noted that eight of the cements do not meet the 
1-day requirement of the ASTM tentative specification (C74-301) 
for high-early-strength cement and five do not meet the 3-day require 
ment. Some manufacturers are now producing cements with greate | 
tensile strengths, but, as shown by data collected in another investigi: 
tion, the requirements of 275 and 375 lb./in.? at 1 and 3 days, resper 
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tively, are not being exceeded by an appreciable margin. The 
transverse-test results are somewhat similar to those for the tension 
tests in that there is frequently a retrogression at the later ages. 
Two-inch cubes of plastic mortar have been proposed as test 
specimens for portland cement, on the assumption that they will 
have the same strength as concrete when made with the same cement- 
water ratio and of about the same consistency as the concrete. 
While most of the mortar specimens tested approximately justify this 
assumption the 1:5 cubes and the 1- by 1%- by 4-inch prisms tested in 
compression with the load parallel to the long axis gave strengths more 
any equal to the concrete strength at all ages. If the concrete 
and mortar strengths at all ages were identical, the points for each 
cement in figure 1 would lie on the lines drawn at 45°. The average 
strength of the prisms tends to be higher than the average strength 
of the concrete after 1 day, the difference increasing up to 28 days, 
but becoming negligible at 1 year. The cement-water ratio of the 
prisms could not be changed to bring the strengths at all ages into 
equality. Although the 2-inch cubes and the concrete cylinders 
under discussion were of the same cement-water ratio and the strengths 
of the two are in better accord than the strengths of the concrete and 
the mortar prisms, the cube strengths also tend to be higher at the 
later ages than those of the concrete. The values obtained on the 
halves from the transverse-test specimens at any age, were, on the 
average, about 10 percent higher than the strengths of the corre- 
sponding prisms tested with the load parallel to the long axis. Com- 
pared to the 2-inch cubes of the same mortar, the strengths of the 
halves were, on the average, about equal in strength to those of the 
cubes; but individual differences were often large, and were not 


consistent. 
2. FLOW AND SLUMP 


The flow and slump measurements are given in table 4. There is no 
apparent relation between the flow or slump and composition or 


TaBLe 4.—Flow and slump 





Flow and slump of os wig for 6- by 12-inch 
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* Using large flow table and fifteen 14-inch drops. 
Using small flow table and twenty-five 44-inch drops. 
‘ paid = 1.89 was too wet for this cement. The values for flow of 103 and those given for strength in table3 
are for C/W =2.02, which gives a flow value nearer to that of the other cements. 
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fineness (table 2). 


flow. 


storage conditions are given in table 5. 
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Cement no. 3 has a flow markedly greater than 
any of the others, because the water repellent therein increases the 


3. TEMPERATURE RISE 
The data on temperature rise of the concrete under the different 


TABLE 5.—Rise in temperature of the concrete 


The concretes with dif. 














































































































STORED AT 70° F DURING FIRST 2% | STORED AT 90° F DURING FIRST 
HOURS HOURS 
C/W =1.73 C/W =1.50 C/W =1.33 C/W =1.73 C/W =1.50 C/W=1,33 
Cement no. Nesey 
Time Time Time Time Time Time 
Max to Max to Max to Max to Max to Max! to 
rise in | reach | rise in | reach | rise in | reach | rise in| reach | rise in| reach | rise in | reach 
temp | max | temp/ max | temp | max | temp/| max | temp/ max | temp/ max 
temp temp temp temp temp temp 
"rr hr va br gi 3 hr *; hr wh hr °F hr 
itt <sdabtios 15 y 10 y 12 ll 16 4.5 12 4.5 13 4 
» ae a 6 13.5 5 13 6 14 9 7.5 eS 8 8 § 
a Fe 4 8.5 3 ll 2 12.5 7 6.5 6 7.5 7 7 
4. 5 10.5 4 10 4 1L 5 14 6.5 il 6.5 ll 6.5 
et ate 5 ll 5 11.5 6 12.5 6 5.5 6 6 6 7 
6_- 8 12.5 6 13 8 13.5 6 7 4 7 4 8 
- 5 9 4 14 7 13 7 5.5 5 6 5 7 
Ra OR T 6 12 4 12 4 12 ll 7 9 7 6 2.5 
aS 3 12 3 13 4 13. 5 9 8 8 8 a 85 
ab tie ERE 7 10.5 5 ll 6 12 ll 5 10 6 10 6 
SRS er} a 12 6 12 a 12.5 7 7 5 7.5 5 85 
OS Raa 4 14 a 18 4 15 6 7 5 8 4 8 
STORED AT 110° F DURING FIRST THERMALLY INSULATED DURING 
24 HOURS FIRST 24 HOURS 
| ere oe ee < 12 3.5 7 3 10 3.5 31 8 30 8 27 7.5 
dicen 10 5 7 5 10 5.5 25 15 23 13 22 B 
Oi>..nacrknink ll 5.5 10 6 ll 7 17 14 17 13 16 16 
eee ll 3.5 8 4 8 4 23 14 21 ll 19 14 
* 11 q 10 4 G 4.5 23 14 21 13 22 15 
eS 10 5.5 8 5 7 5 21 12 18 13 20 12 
10 4 8 4 5 4 22 16 21 17 19 18 
ES: a 12 3 10 3 9 3 25 12 24 12 22 12 
_ Cs 10 6 qQ 6 10 6.5 20 16 19 17 18 18 
_ a ll 4 4 5 q 4 21 10 21 12 19 B 
NBA i tekance ll 4.5 9 5 10 5 22 12 21 13.5 18 4 
Be a Se 9 5 7 5 7 5 18 15 18 15. 5 17 1b 
STORED ADIABATICALLY 
C/W=1.50 C/W=1.50 
Cement no. Ratio of Cement no. Ratio of 
Temp rice|/Temp rise} 24-hr rise Temp rise|Temp rise} 24-hr rise 
at 24 hr | at 87 days) to 87-day at 24 hr | at 87 days] to 87-day 
rise rise 
ms 3 nies °F 
bid. Le 78 102 hj ey Pete 57 95 0. 60 
RI RE E....20% 46 87 oS 5 OE LO ee 69 90 1% 
rR REE 46 85 te ee aga aig 56 92 6 
} IAS eK 59 96 eet) RRS ARE, 60 85 6 
Bos icinniiaun dee 67 97 eS Oo eR ae me 64 94 6 
6-- ides 55 86 BD Sf SRR. 48 80 0 





























ferent cement-water ratios did not differ much in temperature rise. 


In insulated storage, the average temperature rise for the lowest 
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1190 
460 


1160 
770 


390 
1320 
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2090 
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1770 
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Subsequent storage condition 


Damp 
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1790 
4400 
3440 
2470 
3390 
2540 
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2050 
1510 | 





days 


3840 
3240 
1980 


} 

| 4340 

| 3620 
2620 
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3010 | 


3690 
2520 
1930 
4310 
2820 
4880 
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3650 
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3320 | 
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2770 | 
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year | 
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*Oy vibe’ for this cement, made at 110° F, C/W=1.73, were riisaiiiibiabea. 
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TaBLE 6.—Compressive 


strength (lb/in.*) 


of 6- by 12-inch concrete cylinders 





Subsequent storage condition 


j 





amp Laboratory air | — 
| | | zi 
| 
| 
| 28 l BS Be ae ee ee 
| days | year | days | days} year) year 
| 
| 4 
| | 
| 
3100 : 3650 | 3280 | 3780 | 3880 3820 
2880 | 3140 | 2560 | 3050 | 2990 2710 | 
1930 | 2100 | 1920 | 2310 | 2400 1990 | 
3750 | 5070 | 3350 | 2850 | 3940 | 4450 
2930 } 3690 510 | 3450 | 2920 3670 
| 2140 | 2880 | 1640 | 2640 | 2180 | 2850 
| 3790 | 4310 | 2800 | 3720 | 3280 | 4520 | 
| 2800 | 3290 | 2040 | 2680 | 2490 3430 | 
| 2010 | 2280 | 1150 | 1660 | 1500 2200 | 
} 
| 4590 | 5150 | 3460 | 4270 | 4160 | 5340 
| 3270 | 3640 | 2800 | 3020 | 2730 3880 
| 2640 | 2720 | 1960 | 2350 | 1930 2610 | 
| | | | 
| 4140 | 4260 | 2750 | 4160 | 4210 | 4790 | 
| 3260 | 3570 | 2690 | 3230 | 2950 | 4210 | 
2560 | 3170 | 2000 | 2480 | 2180 | 3410 | 
| 4650 | 5830 | 3300 | 4700 | 4600 4680 | 
| 3570 | 4850 | 2390 | 3380 | 3120 4330 | 
| 3000 | 3990 | 2000 | 2600 | 2310 | 3570 | 
| | | / 
| 4000 | 4800 | 4080 | 4200 | 4080 | 4990 | 
3920 | 4320 | 3290 | 3770 | 3570 4640 | 
| 2050 | 3490 | 2250 | 2370 | 1960 | 3120 | 
4690 | 5210 | 3660 | 4480 | 4260 | 5520 | 
3810 | 4520 | 2670 | 3430 | 3200 | 4250 | 
| 3220 | 3340 | 2110 | 2470 | 2450 | 3300 
j | | 
| 4840 | 6000 | 3880 | 4850 | 4120 | 6100 
| 3880 | 4010 | 2830 | 3350 | 3000 | 4570 
| 2700 | 3400 | 2030 | 2600 | 2020 | 3540 | 
| | | | 
| 3670 | 5170 | 2890 | 3650 | 3790 4840 | 
| 2900 | 4040 | 1970 | 2710 | 2810 | 4100 | 
2430 | 2990 | 1430 | 1980 | 2010 | 2990 | 
| 
| 5300 | soa0 | 3930 | 4910 | 4790 | 5390 | 
| 3980 | 5050 | 2900 | 3760 | 3370 | 4580 | 
| 2620 | 3450 | 1950 | 2730 | 2580 3650 | 
| 4670 | 6240 | 3320 | 4000 | 4260 6020 | 
| 3020 | 4700 | 2120 | 2890 | 3170 4640 | 
2460 | 3480 | 1480 | 2430 | 2230 | 3540 | 
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| | Storage 
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Freez- | 
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300 
cycles 
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3250 
2810 


4870 | 


3800 
2660 


4340 | 


3690 
2770 


4760 


hr 


110° F | 





Subsequent storage condition 


Tested at 


1840 | 2170 | 3030 | 4250 | 2120 | 2610 | 2320} 3630 
| / | 
2490 2580 | 2740 | 3070 | 2410 | 4140 | 3740 3310 | 
2850 | 3360 | 3840 | 4970 | 3260 | 3870 | 3390 | 4390 | 
2120 | 2690 | 3140 | 4010 | 2530 | 2930 | 2650, 3480 
1650 | 2560 | 3580 | 4650 | 3220 | 3300 | 3430 5080 
2170 | 3010 | 3760 | 4470 | 3050 | 3730 | 3710 4680 
1960 | 2230 | 3160 | 3740 | 2380 | 2780 | 3000 | 3830 
3680 | 4010 | 4980 | 5330 | 3880 | 4930 | 4710 6140 
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C/W ratio was about 10 percent less than for the highest C/W ratio. 
This is to be expected, since the heat capacity of the concrete was 
increased only about 10 percent by increasing the water from the 
highest to lowest cement-water ratio. 

The average temperature rise of all cements in storage under three 
temperatures was in the order of the temperature of storage, the 
highest storage temperature giving the greatest rise of temperature 
in the concrete. For the concretes with a C/W ratio of 1.50 the 
average temperature rise for the different conditions of storage was 
| as follows: 70° F storage, 5° rise; 90° F storage, 7.4° rise; 110° F 
storage, 8.5° rise; thermally insulated, 21° rise; and adiabatic storage, 
59° rise. It is to be noted that cements nos. 1 and 4 were exceptions 
in that the highest temperature rise was obtained in 90° F storage. 

The data in tables 2 and 5 may be studied to obtain some idea re- 
garding the effect of composition and fineness on the temperature rise 
produced by the reaction of the cements and water. Maximum 
temperatures attained in the insulated storage seem to depend mainly 
on the tricalcium-aluminate content. The low-aluminate cements 
(nos. 3, 9, and 12) gave the lowest maximum temperatures. No 
doubt the fineness of the cements also influences the temperatures 
attained during the first 24 hours. Under the section devoted to 
strength, the results of the use of an equation derived from similar 
; data will be presented in some detail. 


4. COMPRESSIVE STRENGTHS OF CONCRETES 


The results of the compression tests on concrete cylinders are given 
in tables 6, 7, and 8. 


(a) EFFECT OF TYPE OF STORAGE DURING THE FIRST TWENTY-FOUR HOURS 


The storage temperature during the first 24 hours greatly affects the 
| 1-day strength (table 7). Cylinders stored at 90° F during the first 
24 hours have strengths nearly twice those of cylinders stored at 70° F. 
Storing at 110° F further increases the early strength, while cylinders 
thermally insulated, where the maximum temperature averaged ap- 
proximately 90° F, gave compressive-strength values somewhat lower 
than those of the cylinders kept for the entire 24 hours in the 90° F 
| cabinet. The higher temperatures during the first 24 hours do not 
affect the strength appreciably beyond 3 days. Indeed, the average 
» strength of the specimens stored in the damp room is greater at 1 year 

| for those stored at 70° F than for those exposed to higher temperatures 
during the first-day storage. The results obtained on specimens 
stored adiabatically are discussed in section III-6. 


(b) EFFECT OF TYPE OF STORAGE AFTER THE FIRST TWENTY-FOUR HOURS 


With a few exceptions the specimens stored in the damp room, at 
70°+3° F and relative humidity not less than 95 percent, developed 
| the highest strengths. Cement no. 1 showed practically no gain 

after 28 days. Most of the other cements showed considerable in- 
crease in strength up to 1 year, when stored in a damp atmosphere. 
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TABLE 7.==Compressive strength of 6- by 12-inch cylinders 


(Average for 12 cements) 
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* D=damp storage; OD=outdoor storage; FT =freezing and thawing; LA=laboratory air at 70° PF. 
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It has been assumed that this type of cement is characterized by 
strength at early ages indicative of its name, but not by good gaing 
with age. If the concrete is stored in a humidity that permits hard. 
ening without drying, there is considerable gain in strength with age, 


In the majority of cases specimens stored in the air of the laboratory F 
at 70°+3° F had nearly the same strengths at 7 days as those stored | 


in the damp room. The air-stored specimens gain relatively little 
with age after 28 days because of the lack of water. 

The average compressive strengths of the concrete test specimens 
stores outdoors for 1 year under natural conditions of temperature, 
humidity, and precipitation were but little different from those of 
specimens stored in the damp room for the same length of time, with 
the exception of those made with a C/W ratio of 1.73, and stored at 
70° F for the first 24 hours (table 7). The specimens stored out- 
doors for 1 year gave strengths distinctly higher than those stored 
in the air of the laboratory. 

The specimens subjected to freezing and thawing were given 300 
freezings at 0 to 20° F, alternated with thawings in water at 50 to 
80° F. While it was originally hoped that the 300 cycles of freezi 
and thawing would require about a year and therefore data obtain 
would be directly comparable with the 1 -year tests of specimens in 
other storages, interruption because of the necessary periodic defrost- 
ing of the freezing room extended the time required to carry out 
these tests about 3 months. The treatment, as shown in tables 6 
and 7, did not markedly reduce the strength of any of the concrete be- 
low that of specimens stored damp. In fact, of the specimens ther- 
mally insulated during the first 24 hours, those frozen and thawed had 
slightly greater strengths than those stored in the damp room. 

It had been noted in other studies that a drying out of the concrete, 
even if carried out below the boiling point of water, between the freez- 
ing and thawing cycles, tended to materially increase the severity of 
so-called freezing tests. In some cases, freezing tests showed that 
although a temperature of 10° to 15° F below freezing was attained, 
no typical freezing curve was obtained. There was no indication 
through a rise of temperature that later the supercooled water froze. 
But this phenomenon was not always noted; in general, a typical 
freezing curve was indicated. The reason for this is not certain. 
Also it should be remembered that water with considerable amounts 
of salts in solution, as in concrete, seldom freezes to a solid mass, but 
tends to freeze more as slush of small ice crystals in the salt solution. 
However, during a cycle of drying, the salts, especially the hydrated 
lime, would crystallize out of solution. When the concrete is reim- 
mersed in water, the amount of these salts which would dissolve in the 
first 24 hours of soaking will probably be less than had crystallized 
during the drying. A freezing immediately following a drying and 
soaking would therefore be more characteristic of a true freezing of 
pure water with the development of large crystals, 
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From such reasoning, plus the additional fact that most structures 
submitted to the weather undergo drying as well as freezing, the 
drying cycles have been included in the freezing and thawing tests. 
Three- by six-inch cylindrical specimens were prepared, which were 
submitted only to drying and soaking, and these alternations carried 
out so that the number was equal to the number of dryings undergone 
by the freezing, thawing, drying, and soaking specimens. A third set 
of test pieces was stored continuously in the damp-room. Other 
work had shown that it is not necessary to carry out such tests to 
destruction, but that testing in compression from time to time would 
yield valuable data. Hence, in the present study, sets of concrete 
cylinders were tested at 15, 25, 50, and 100 cycles (each cycle requiring 
1 week) of freezing, thawing, drying, and soaking. Damp-stored 
specimens were tested at the same ages. 

The wide variations in results for different cements under the 
freezing, thawing, drying, and soaking treatment cannot be adequately 
explained by differences in composition or early strength, as can be 
seen from a comparison of tables 2,6, and 8. Cements nos. 3 and 12 
were among the few giving excellent results. Cement no. 3 has a 
high C,S content, the lowest C.S; cement no. 12 the highest C,S and 
lowest C35 content; the C;A content of neither is high. Cement no. 6, 
one of the most resistant, had a very high C;A content, namely, 15 

ercent. 

. Table 8 also shows that after cycles of drying and soaking the 
strengths are lower than those of specimens of the same age stored in 
the damp room. The difference in the average strength is approxi- 
mately 600 lb/in.? at the end of 15 weeks (15 cycles) and less at later 
ages. The specimens, after cycles of drying and soaking, have greater 
strengths than specimens subjected to the same number of cycles of 
freezing, thawing, drying, and soaking. 


(c) EFFECT OF CEMENT-WATER RATIO 


The data presented in table 7, showing the relation of C/W ratio to 
compressive strengths of concrete at two different ages, are plotted 
in figure 2. The strengths decrease with decrease in C/W ratio; and 
the relation is approximately linear. Concrete specimens made with 
a C/W ratio of 1.73 and stored at 110° F for the first 24 hours were 
badly honeycombed, and hence the values for these do not show a 
linear relationship; this concrete stiffened so rapidly that the speci- 
mens could not be properly placed. Approximate linear relationships 
as given in figure 2 hold also for specimens in other storages at other 
ages, 

From the data of table 7 the increase in strength obtained by high 
initial storage temperature may be compared with that obtained by 
increasing the C/W ratio. Using the average strength of concrete 
specimens at 1 day with a C/W ratio of 1.73 stored at 70° F as a basis 
of comparison, the average strength of those with a C/W ratio of 
1.50, but stored at 90°, was about 20-percent greater; those with a 
C/W ratio of 1.50 stored at 110° averaged about 55-percent greater; 
those with a C/W ratio of 1.50 stored in the insulated cabinet were of 
equal strength. After 1 day, however, the strengths were lower for 
the C/W ratio of 1.50 even when these specimens were initially stored 
at higher temperatures. 
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TABLE 9.—Relation of observed to calculaied compressive strength 
6- by 12-inch concrete cylinders: cement-water ratio=1.5, by weight 
3-day strength calculated from equation: strength=40.9 C3S+24.5 C2S+-22.9 C3;A-123.5 CyAF. 
28-day strength calculated from equation: strength=54.8 C3:S+66.7 C2S+39.35 C3A-117.4 CsAF. 
For derivation of equation see text. 


C38=3Ca0.Si02; C28=2Ca0.Si02; CsA=3Ca0.AhL0;3; CsAF=4Ca0.Al03. Fe20 

















3-day strength 28-day strength 
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(d) EFFECT OF CEMENT COMPOSITIONS 


Attempts have been made by several investigators * to develop 
equations that would express the contribution to the strength of the 
cement of each percent of the four major compounds (C;,5, C.S, CA, 
and C,AF) in the cement. A similar attempt was made in this 
investigation. The equations gave calculated strengths that agreed 
fairly w vell with the observed strengths for eight of the cements listed 
in table 2, but the coefficients as given in table 9 for the individual 
compounds were widely different from those found by others. Since 
all portland cements may contain the same four major compounds 
it is obvious that any equation of this type must be applibabls over the 
whole range of portland-cement compositions to have any real signifi- 
cance. Apparently such variables as fineness, percent ignition loss, 
insoluble residue, etc., have such an important effect on strength that 
they cannot be left out of consideration in any such calculation. 

2 Woods, Starke, and Steinour, Eng. News-Record 109, 435 (Oct. 13, 1932); R. E. Davis and coworkers 


Proc. Am. Concrete Inst. 29, 413 (1933); R. F. Blanks, Proc. Am. Concrete Inst. 30, 9, (1934); H. F. Gon 
nerman, Proc. Am. Soc. Testing Materials 34, part II, 244 (1934). 
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5. EXPANSION AND CONTRACTION 


Table 10 presents some of the data on changes in length of the 6- 
by 12-inch concrete cylinders. Although measurements were made 
at several earlier ages, only those obtained at 1 year are given, since 
the former showed like changes of less magnitude. 
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Cement-water ratio by weight 


FicurE 2.—Relation between C/W ratio and average compressive strength of 
concrete. 


The specimens stored outdoors did not give consistent results. 
The conditions of temperature and humidity during early hardening 
or at periods immediately preceding a set of observations may have 
been markedly different for one set of specimens than for another, 
affecting the length of the various cylinders differently. Briefly, it 
can be said that there was a tendency for the concrete so stored to 
contract. 











year 
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TABLE 10.—Expansions or contractions of 6- by 12-inch concrete cylinders at one 


{Expressed in percent of the length at 24 hours, measured at 70° F.] 
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NotTEs.— 


room. 


Ins.= Thermally insulated for first 24 hours. 

All specimens in damp storage expanded. 

All specimens in laboratory air storage contracted. 

All specimens subjected to freezing and thawing expanded. 

All specimens stored outdoors contracted, except the few indicated by a + sign, which expanded. 

Neither the differences in temperature of initial storage (duri 
the first 24 hours) nor the differences in C/W ratio perceptibly affee 
the change in length; but the conditions of later storage had profound 
effects. The greatest change in length was the contraction during 
air storage. The expansion due to alternate freezing and thawing 
is larger, in general, than that resulting from storage in the damp 


The changes of length of the 2- by i2-inch cylinders after various 
treatments are given in table 11 under five subheadings. Under 
subheading (1) there is given the contraction from the original length 
to the least dry length. In the case of ten cements this maximum 
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contraction occurred either after the first or second drying and in the 
case of the other two cements after the third drying. Under sub- 
heading (2) there is given the percent expansion on soaking after the 
drying referred to. ‘These data are given for the specimens subjected 
to freezing, thawing, drying, and soaking, and for those subjected to 
drying and soaking. In no case did the subsequent soaking bring 
the specimens back to their length before drying, though in two cases 
they returned very closely to the original length. 

The change from the original length of the specimens dried after 
10, 25, 50, and 100 cycles of each of the two treatments is given under 
subheading (3). It is evident that the contraction decreased as the 
number of cycles increased; in other words, the effect of the treatment 
was to cause the specimens to expand. For example, at 25 cycles, 
even in the dry condition, the specimens of four of the cements sub- 
jected to freezing, thawing, drying, and soaking, were longer than 
originally; one expanded sufficiently to start spalling. At 50 cycles 
specimens of only one cement were shorter than originally, and the 
others were either longer or had spalled. The magnitude of the 
expansion, however, cannot be taken as an indication of the tendency 
to spall. The changes in length produced by cycles of drying and 
soaking were in the same direction as those produced by freezing, 
thawing, drying, and soaking, but the magnitude of the former is 
much less than the latter. 

The data under subheading (4) show the percent expansion during 
the first soaking after drying at 10 and 100 cycles. It 1s seen that the 
magnitude of the expansion due to soaking decreases with successive 
cycles. The effect of these treatments is that the specimen first 
contracts and then gradually expands until its final length is almost 
equal to or greater than its original length. 

The changes in length at two different periods under continuous 
damp storage are given in table 11 for comparison. It is evident 
that changes in length are much less under this condition than under 
the cyclic treatments. 

There does not appear to be any marked relation between the 
changes in length of these specimens and the chemical composition 
or physical properties of the cements from which they are made. 


6. ADIABATIC STORAGE 


The apparatus for the adiabatic storage was designed by C. H. 
Jumper and G. Kalousek. All of the tests for this storage were 
made by them, and their assistance is gratefully acknowledged. 

The concrete mix for the adiabatically stored specimens was 
identical with that used in the other strength tests, but the specimens 
were made with only one C/W ratio, namely, 1.50. Only enough 
material was mixed at one time to fill a mold, which was then her- 
metically sealed. The pan, trowels, tamping rod, and gloves were 
weighed before and after the molding in order to determine the 
amount of mortar adhering to them. After separation of the con- 
stituents of this mortar by wet sieving, the weights of sand and 
cement were determined and the amounts of gravel, sand, cement, 
and water in the mold computed. Table 12 gives the weights and 
shows the actual change of the proportions from the nominal 1:2:4 
mix, and also how the C/W ratio has changed from 1.50, 
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TABLE 12.—Data obtained on concrete stored adiabatically 
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1 Proportions as weighed out were 1:2:4 by volume. 
? Cement-water ratio of the concrete as mixed was 1.50. 


Twelve specimens for each cement were stored adiabatically at one 
time. After 87 days, 3 days were allowed for cooling. The molds 
were then removed from three cylinders, which were tested in com- 
pression. ‘Three other cylinders were removed from the molds and 
weighed. Losses of water were then determined after storage at 68° 


F for 24 hours and then after storage at 104° F for 48 hours and for 
6 days. The specimens were then placed in water, and the absorp- 
tion determined after 1 hour, 24 hours, and 7 days. The specimens 
were then placed in the damp room and tested at 1 year. The other 
six cylinders of each cement were placed in the 70° F storage room; 
half of these were tested on unsealing at 1 year and the other half 
are being held sealed for later tests. 

The loss of water during drying of the concrete after the adiabatic 
storage is of much interest. Taking cement no. 1, there was in the 
mold approximately 950 g of water. During the first 24 hours after 
the 90-day storage, the specimen lost about 220 g at a temperature 
of about 68° F. During the next 6 days at 104° F this loss was 
doubled. Hence, 440 of the original 950 g of water were lost at a 
temperature so low that it might be considered as void filling or free 
water. If it is assumed that the 500 g remaining is combined with 
the 1,472 g of cement present, then the cement has taken up about 
one-third of its dry weight in hardening under adiabatic storage. 
The loss of 440 g of water indicates the creating of 440 cc of voids or 
about 27 cu in. in 339 (volume of a 6- by 12-inch cylinder). 

An attempt to correlate percentage losses of water in drying with 
the compound composition of the cements used in the concrete leads 
to contradictions that are apparently irreconcilable. For instance, 
cement no. 1, which had the greatest loss in water, contained a large 
amount of C;S, while cement no. 3, with the greatest amount of C,S, 
showed the least loss. Cement no. 9 also showed a small loss, although 
it contained a large amount of C;S. There also appears to be no con- 
sistent relation between tricalcium-aluminate content and water loss. 

133113—35—7 
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The compressive strengths of the concrete specimens stored 
adiabatically are given in table 6. Since these were the only speci. 
mens tested at the age of 90 days, there can be no direct comparison 
at this age with specimens in other storage conditions. A com. 
parison of the specimens stored in the damp room for 28 days with 
those adiabatically stored for 90 days shows that for 10 of the 12 
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cements the strength of the adiabatically stored specimens is less 
than those stored in the damp room. When the specimens stored 
adiabatically for 87 days were then stored sealed at 70° F until 9 
months further had elapsed, the average gain in strength was slight 
and the values on the average were about 500 lb/in.” less than those 
obtained for a full year storage at 70° F in the damp room. The 
adiabatically stored specimens which were taken out of their sealed 
molds and placed in the damp room for a further 9 months, changed & 
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but slightly, and the average strength was still less than that of the 
j-year specimens stored in the damp room. 

The number of cements used in this investigation was too small to 
enable the derivation of a satisfactory equation relating heat evolu- 
tion with composition. The calculated values for some of these 
cements, using factors obtained by others, may be of interest. Taking 
the factors used by Woods ® for calculating the heat evolution from 
the chemical composition, and assuming that the cements of this inves- 
tigation were of equal fineness, it is found that cement no. 1 gives a 
calculated heat evolution at 90 days of 115 cal/g, whereas the ob- 
served heat in concrete in the adiabatic calorimeter was 130 cal/g 
(table 12). Similar differences between calculated and observed 
values were also found for the other cements. Cement no. 12, which 
is unusual for a high-early-strength cement in that it contains a large 
amount of CS relative to the amount of C,S, has a calculated heat 
evolution of 81 cal/g and an observed heat of 104 cal/g. Cement 
no. 12 is also of interest because it is much finer than the others. 
This is perhaps one of the reasons that the observed heat is greater 
than the calculated. Cement no. 4 has a specific surface 270 cm?*/g 
greater than that of no. 5. These two cements have nearly the same 
compositions, and the same observed heats, viz, 125 cal/g. Their cal- 
culated heats were 104 and 110 cal/g, respectively. These cements 
were finer than those used in Woods’ studies, which probably explains 
why the evolved heats were greater than those calculated from com- 
pound compositions. 

A comparison of the evolved heat with the compressive strengths 
of concretes made with the same cements (table 6 and fig. 3) shows 
that it is not a general rule that at any age the cement which has 
developed the greatest heat will develop the greatest strength. 


IV. SUMMARY 


(1) Twelve commercial high-early-strength cements were studied 
in this investigation. The data obtained include the chemical and 
compound compositions; fineness measured by the turbidimeter and 
on the nos. 200, 325, and 450 sieves; weight per cubic foot; tensile, 
compressive, and transverse strengths of one or more kinds of mor- 
tars; compressive strength of 1:2:4 concrete of three C/W ratios stored 
at four different temperatures during the first 24 hours and different 
conditions of temperature or humidity thereafter; the effect of freez- 
ing, thawing, drying, and soaking upon concrete specimens; the 
length changes in concrete induced by different conditions of storage; 
the heat of hardening of concrete specimens; and the effect of adia- 
batic storage. 

(2) The calculated compound compositions of the cements varied 
widely from one containing more dicalcium than tricalcium silicate 
to one with no dicalcium silicate. The percentage of tricalcium alu- 
minate varied over a wide range. 

(3) The amount of material retained by the no. 200 sieve is too 
small to have significance. Even when sieved wet with a sieve having 
such small openings as the no. 450, the amount retained was still 


? Woods, Steinour, and Starke, Heat evolved by cement during hardening. Eng. News-Record (Oct. 6 
and 13, 1932, and April 6, 1933). 
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small, varying from 7.7 to 20.4 percent. The specific surface * as de- 
os by the Wagner turbidimeter, ranged from 1,760 to 2,490 
em?/g. 

(4) The standard mortar briquets of only three of the cements 
passed the present tentative ASTM requirement, at 24 hours, of 275 
lb; seven met the 3-day requirements. 

(5) Of the several kinds of mortars and mortar specimens studied, 
those which seemed to predict most satisfactorily the strength of 
concrete at all ages were the 2-inch 1:5-mortar cubes, and the 1}- by 
14- by 4-inch mortar prisms tested in compression. 

(6) The proportions and grading of the aggregates used were 
such as to permit a C/W ratio approaching that used in practice, 
but avoiding what might be called a “sloppy” or too “‘wet” mix. 
Hence, at 24 hours the concrete strengths were relatively low—all 
under 1,500 lb/fn.*—compared with strengths reported as being 
attained by such cements. The results show all the cements were of 
the true high-early-strength type and developed early strengths con- 
siderably greater than those attained by standard portland cements 
for corresponding mixes and C/W ratios. 

(7) A linear relation was found to exist between the C/W ratio and 
the strength of the concrete, for any particular age or storage condi- 
tion, except for some specimens which could not be properly molded. 

(8) The weight per cubic foot of the cements varied from 63 to 80 
pounds according to the degree of compaction used. 

(9) Concrete cylinders stored at 90° F developed nearly double the 
1-day strength of specimens stored at 70° F. Storage at 110° F still 
further increased the 1-day strength. At ages after 3 days the 
strengths were unaffected or somewhat decreased by the higher initial 
temperatures. Specimens stored adiabatically for 87 days and then 
in the damp room gave lower strengths at 1 year than specimens 
stored at 70° F in the damp room for 1 year. 

(10) After the first 24 hours, damp storage gave the highest 
strengths. Specimens stored in laboratory air gained little or no 
strength after 28 days. Those stored outdoors had slightly lower 
strengths than those stored in the damp room. 

(11) Three hundred cyclés of freezing and thawing reduced the 
strengths of concrete cylinders of all C/W ratios and kinds of storage 
during the first 24 hours, on the average, about 10 percent below the 
1-year strength of cylinders stored in the damp room at 70° F. 

(12) Cycles of freezing, thawing, drying, and soaking produced 
pronounced effects on concrete cylinders. Less than 100 cycles 
caused spalling to the extent that compressive tests could not be 
made on specimens from six of the twelve cements. Specimens sub- 
jected to cycles of drying and soaking were lower in strength on the 
average than those stored in the damp room. 

(13) Concrete cylinders in damp storage expanded from 0.001 to 
0.018 percent in 1 year. Cylinders in air storage contracted from 
0.025 to 0.053 percent in 1 year. Cylinders subjected to alternate 
freezing and thawing expanded from 0.003 to 0.031 percent in 1 year. 
Freezing, thawing, drying, and soaking of the 2- by 12-inch cylinders 
caused so much spalling that few data were obtained after the 25th 
cycle. 


4 The fineness of 28 brands of high-early-strength cements of recent manufacture was determined by the 
turbidimeter and the specific surface was found to vary from 1,990 to 2,860 cm.%/g with an average value of 
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(14) The total heat evolved at the end of 8 hours of adiabatic 
storage of concrete made with a C/W ratio of 1.5 and hermetically 
sealed, ranged from 10 to 60 cal/g of cement; at the end of 24 hours, 
from 60 to 100 cal/g, and at the end of 87 days from 104 to 130 cal/g. 
In general, the higher the tricalcium-silicate and tricalcium- aluminate 
content, the greater the amount of the heat developed. 

(15) No satisfactory equation could be derived showing the rela- 
tion between composition and heat evolution, strength, or linear 
changes of the cements. 

(16) Specimens of concrete of all cements hermetically sealed and 
stored adiabatically for 87 days were all found to contain free water 
varying in amount from one-quarter to one-half of the original mixing 
water. 


The authors desire to express their appreciation to P. H. Bates, 
who outlined the investigation and directed tue work; and also to 
G. W. Walker, who initiated the concrete tests. 


WasHINGTON, March 6, 1935 
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RECENT SOUND-TRANSMISSION MEASUREMENTS AT 
THE NATIONAL BUREAU OF STANDARDS 


By Vivian L. Chrisler and Wilbert F. Snyder 


ABSTRACT 


This paper gives a description of the equipment and method now used in 
making sound-transmission measurements at the National Bureau of Standards. 
Measurements are made at nine frequency-bands covering a range from 128 
to 4,096 cycles per second. 

The results of measurements on a number of floor and wall panels are given. 
In the case of floor panels the transmission of impact noises was also studied. 

Specifications for the construction of the various panels are appended. 


CONTENTS 
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(a) Air-borne sounds 
(b) Impact or tapping sounds 
2. Sound-pressure measurements 
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’, Recent experimental results 
VI. Discussion 
VII. Description of panels 
VIII. General specifications for construction of test panels 


I. INTRODUCTION 


The problem of obtaining a proper degree of sound insulation is 
still an important one, although considerable information has been 
acquired on this subject during the past ten years. Unfortunately, 
however, ali of the data are not comparable, because different methods 
of measurement were used in different laboratories. 

When measurements of sound transmission ' were first started at 
the National Bureau of Standards it was decided to make the measure- 
ments entirely by instrumental methods. Since that time there has 
been great improvement in microphones, loud speakers, vacuum 
tubes, vacuum tube circuits, etc., with the result that equipment 
which was of the latest type at the time when the first work was done, 
became obsolete in a very short time. From time to time the equip- 
ment for measuring sound transmission at the National Bureau of 
Standards has been modified to keep up with these improvements, 
but a description of these changes has never been published. 

This paper outlines the method now in use, giving some description 
of the equipment, and some of the measurements made during the 
past three years. 


1 BS Sei. Pap. 21, 37 (1926-27) 8526, 
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II. SOUND CHAMBER 


The sound chamber is a laboratory specially constructed for sound. 
transmission measurements. Figure 1 shows a vertical section of the 
chamber. S is the source or transmitting room. It communicates 
through the panel window in the ceiling with the receiving room 
R, above and through the panel window at the right with the receivin 
room R,. The section of the opening where the test panel is inserte 
is 7 ft 6 in. by 6 ft, and the panel window is 6 ft 6in. by 5ft. In the 
figure a test panel is in the window at the opening into receiving 
room R,. The panel forms the only mechanical tie between the 
transmitting and receiving rooms. The walls are 6 inches or more in 
thickness and are constructed of reinforced concrete. Any sound not 
transmitted by the panel has an alternative path through the two 



















































































Ficure 1.—Cross section of sound chamber. 


concrete walls, each 6 inches in thickness, separated by a 3-inch air 
space. 

The ceiling opening is used for floor panels and the vertical opening 
into R, for wall panels. In most cases the panels are erected in a 
suitable iron frame and allowed to season. The time required for 
seasoning depends somewhat on the materials used but is in no case 
less than two weeks and as a rule not less than one month. When 
thoroughly seasoned, the panels are moved into position and sealed 
into the opening with plaster. This procedure permits the seasoning 
of the panel to be carried on elsewhere and permits the prompt 
removal and replacement of a panel after completion of a test. 
Maximum availability of the panel opening for testing purposes 1s 
thus provided. 
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III. PRINCIPLES OF THE METHOD 


In practice, any material to be subjected to measurement of sound 
transmission is made to fill a window between two rooms. A source 
of sound is operated in one room (the transmitting room) and, by 
means of a microphone, relative sound pressure ? measurements are 
made on both sides of the panel, i the-transmitting room and in the 
receiving room. 

It is the problem of experimental work to realize as nearly as possible 
the ideal condition of a uniform distribution of sound energy, free from 
interference patterns. In general, it will be impossible to obtain this 
condition near the source, and for this reason, measurements are not 
made in this region. In a closed room there is always an interference 
pattern, but the effect of the interference pattern can be minimized 
if the pattern is caused to shift continually from one position to 
another and the time-average of the sound pressure at the different 
points measured. 

The following experimental devices are used to approximate the 
ideal condition: 

1. The source is not of a single frequency, but varies cyclically 
through a frequency band, the width of which is under experimental 
control. 

2. The position of the source in the transmitting room is varied 
cyclically by revolving the source at the end of a rotating arm. 

3. The device measuring the relative sound pressure involves a 
thermoelement which provides a time-average of sound pressure for 
any position of the sound receiver. 

The frequency variation and the motion of the source keep the inter- 
ference pattern in motion, constantly stirring up the sound, and the 
measuring device gives a time-average of the resulting sound. pressure. 

With the panel in position, a series of measurements is made with 
the microphone at different places along a line perpendicular to the 
middle point of the opening. An average is taken of these values in 
the transmitting room and also of those in the receiving room. Let 
these values be Kp, and Kp,, respectively, where K is a constant, p,, 
the sound-energy density in the transmitting room, and p, the sound- 
energy density in the receiving room. 

Making use of the formulas derived by Buckingham,’ we have 

oe 

> ae, (1) 
where 7’ is the transmittance of the panel, and A the total sound 
absorption of the receiving room. The fraction of the energy falling 
on the panel which is transmitted will be called the transmissivity of 
the panel or coefficient of sound transmission, and is denoted by r. 

The transmittance 
T=rS, (2) 


?In most publications in the past, the term “sound intensity” has been used. The quantity which is 
measured under these conditions is probably proportional to the sound energy density, as defined by the 
committee on Terminology of the American Standards Association. 

3 BS Sci. Pap. 20, 193 (1922-23) S506. 
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where S is the area of the panel window. From equations 1 and 2 we 
have 


PrA 
ae 3) 


It is a well-recognized fact that the response of the ear is not pro- 
portional to the energy density p. The ear has a regulating or protec- 
tive mechanism whose nature is not fully understood, which, like the 
well-known mechanism of the eye, protects the organ against excessive 
stimulation. This response of the nerves in the ear is connected to 
the energy density of the sound by the following empirical relationship. 
According to the Weber-Fechner law, the impression of loudness, 
except at low frequencies, is approximately proportional‘ to the 
logarithm of the sound energy producing it. 

Since sound insulation is concerned with the sensation received by 
the ear, the transmission results are most naturally expressed in 
numbers which are approximately proportional to the impression re- 
ceived by the ear. This is done by expressing the results in decibels, 

As 7 is a fraction it is not convenient to express it as a logarithm, 


hence results are generally expressed in terms of * The quantity 10 


logic 2 has been called the transmission loss in decibels. 


Expressing this quantity in terms of quantities which can be 
measured, we have from equation 3 


10 logio *=10 logio pr+10 logio S—10 logic A. 


The sound-energy density is a quantity which is not easily deter- 
mined, but fortunately only the ratio of two energy densities is 
required. All that one has to do then is to measure something 
proportional to the sound-energy density, such as the sound pres- 
sure, and the proportionality factor drops out in the ratio. S is 
simply the area of the panel window, and A can be determined by 
the usual reverberation method.° 


IV. EXPERIMENTAL DETAILS 
1. SOUND SOURCE 


(a) AIR-BORNE SOUNDS 


The source of sound is a dynamic-type loudspeaker, capable of 
delivering a high acoustical output, which is supplied with alter- 
nating current from a suitable amplifier and beat-frequency oscilla- 
tor. The speaker unit is mounted on a rotating arm so that it 
moves in a circle approximately 5 feet in diameter. The rotating 


4 Harvey Fletcher and W. A. Munson, Loudness, its definition, measurement, and calculation, J. Acoustical 
Soc. Am. 5, 82 (1933); Proposed standards of noise measurement, J. Acoustical Soc. Am. 5, 109 (1933). Harvey 
Fletcher, Loudness, pitch, and the timbre of musical tones and their relation to the intensity, the frequency, and the 
overtone structure, J. Acoustical Soc. Am. 6, 59 (1934). 

5 A description of the equipment used will be found in An automatic reverberation meter for the measurement 
of sound absorption, BS J. Research 9, 47 (1932) RP457. 
= 4 owen of this oscillator will be found in The measurement of sound absorption, BS J. Research 5, 

7 (1 3 
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Figure 3.— Machine for producing impact sounds. 
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arm is driven by a motor the speed of rotation of which is adjusted 
by a rheostat in the armature circuit to about one revolution per 
second. The motor drive must, of course, be as quiet as possible. 

The ving tines & oscillator can be tuned to any desired audio- 
frequency by a small variable condenser. It is possible to calibrate 
the dial on this variable condenser, but our practice is to check the 
frequency by means of standard tuning forks. 

The frequency band is obtained by means of a small rotating 
condenser, figure 2, the capacity of which can be varied by changing 
the distance between the fixed and rotating plates. This rotating 
condenser is connected in parallel (see footnote 6) with the tuning 
condenser of the oscillator and rotated so that the frequency shifts 
take place from 6 to 8 times per second. The band widths have 
been chosen so that they are approximately 10 percent of the middle 
frequency-of.the band. For instance, at 512 cycles per second the 
frequency band extends from 486 to 538, while at 4,096 cycles per 
second it extends from approximately 3,961 to 4,230 cycles per 
second. At the lower frequencies the band is a trifle over 10 percent 
in width. At 128 cycles per second the band extends from 118 to 
138 cycles per second. In reporting the results the middle point of 
the band_is given rather than the band limits. 

An a-c voltmeter is connected across the input to the loudspeaker 
so that the energy input to the loudspeaker at a given frequency 
can be kept constant (by adjustment of the input control to the 
amplifier) during a set of measurements. 


(b) IMPACT OR TAPPING SOUNDS 


Another type of sound, much harder to control, is produced by 
vibration communicated directly to the structure. The vibration 
may be transferred from a machine or caused by impact, as when a 
chair is dropped, or when someone walks across the floor. In many 
cases a noise of this type is as loud on the side of the floor or partition 
away from the source as it is on the side of the source. 

To study this type of sound, a special machine was built (see fig. 3), 
consisting essentially of five rods, which can be raised by separate 
cams and then allowed to fall. The cams are driven by a motor at 
such a speed that a rod falls approximately every fifth of a second. 
The noise thus produced can be measured in the same manner as the 
sound from the loudspeaker. The results, expressed as transmission 
lees in decibels, are recorded in the column headed “tapping” in 
table 1, 
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TABLE 1 
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2. SOUND-PRESSURE MEASUREMENTS 


The sound-pressure measurements are made by means of a con- 
denser or dynamic microphone and a suitable amplifier and attenu- 
ator. The output of the amplifier is indicated by a thermoelement 
and galvanometer. As thermoelements will not stand an appreciable 
overload, it was felt desirable that some kind of a protective device 
should be built into this equipment to prevent surges or sudden over- 
loads from burning out the thermoelement. 

Figure 4 shows a diagram of the complete circuit which, in connec- 
tion with a calibrated microphone, is also used as a sound meter for 
the measurement of sound levels in absolute units. The amplifier 
consists of three stages with transformer coupling and one stage with 
resistance-capacitance coupling. An external 200-ohm constant input 
and output impedance attenuator can be inserted between the micro- 
phone circuit and the amplifier. An attenuator of the potentiometer 
type is built into the circuit between the resistance-capacitance 
coupled stage and the last stage. The second stage in the amplifier 
can be switched in and out of the circuit. 

A phone connection is provided whereby one can listen to the sound 
being measured and yet not disturb the measuring circuit. This is 
accomplished by adding a separate amplifier-tube circuit which does 
not draw an appreciable current from the main amplifier. 
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Figure 4.—Circuit diagram of amplifier and protective device for thermoelement. 
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The amplifier has beer: so designed that a high-impedance filter of 
a parallel-resonance type can be inserted into the circuit between the 
second and third stages to eliminate undesired frequencies when mak- 
ing measurements at single frequencies or over a narrow-band width. 
The filter helps materially in reducing extraneous noises, particularly 
when working at low levels. 

A unique feature of this measuring equipment is the protective 
device mentioned above, which protects the thermoelement against 
burning out. The device has been in use for over three years and at 
no time has a thermoelement been burned out, although the equip- 
ment has been overloaded several thousand percent on various 
occasions. 

Figure 5 shows in clearer form the special protective circuit. The 
last stage of the amplifier is an integral part of the protective device, 
A step-down transformer provides proper coupling between the ampli- 
fier tube and the thermoelement. If at overloads this last stage of 
amplification can be prevented from passing on an excessive alternat- 
ing current to the thermoelement, there will be ample protection 
against burning it out. A method of accomplishing this is to increase 
very rapidly the grid bias of the amplifier tube when the current 
through the thermoelement approaches the overload point. The 
device used is somewhat similar to the automatic volume control 
system used in radios during the past few years. However, in a 
measuring system such as a sound meter the performance must be 
kept under accurate control, and some sort of check should be made 
each time the instrument is used. 

The operation of the protective device is as follows: In the grid 
circuit of the last stage there is a 0.5-megohm resistor, which also 
forms a part of the plate circuit of a 32 screen-grid tube. The 
control grid is given the necessary negative bias to obtain a good 
rectification action by the tube. An independent plate supply 
battery is necessary in this plate circuit, but it can be of a small- 
capacity type since very little current is ever drawn. The control 
grid of the 32 tube is capacity-coupled to the same point to which the 
last stage of the amplifier is coupled (namely, the output of the 
third stage). Thus the same signal is impressed on both the tube in 
the last stage and the screen-grid tube. But the latter has a high 
voltage amplification, and hence the plate current increases rapidly 
with increase of the impressed grid voltage. This increase of current 
produces an increased voltage drop across the 0.5-megohm resistor, 
which in turn rapidly increases the grid bias of the last stage. With 
a large increase in grid bias the plate current in the last stage decreases 
to a very small magnitude and prevents a large alternating current 
from flowing to the thermoelement. The normal operating range of 
the thermoelement and galvanometer is such that this decrease in 
plate current does not take place to any appreciable extent until the 
galvanometer reading is beyond the maximum reading of the scale. 
Beyond this point there is a great decrease in the plate current in the 
last stage, and consequently the alternating current through the 
thermoelement decreases very rapidly. 

To maintain the calibration of the system, it is necessary to intro- 
duce a simple method of testing and adjustment. This has been 
accomplished by making it possible to apply a definite grid bias to 
the screen-grid tube by means of a voltage-divider across a dry cell. 
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Ficure 5.—Circuit diagram of protective device for thermoelement. 
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The constants of the circuit are so adjusted that when this definite 
change in grid bias is made, the plate current in the last stage should 
drop to a selected value. If the plate current does not drop to the 
selected value, the grid bias of the tube in the last stage is shifted 
by adjustment of the screen-grid tube until the plate current reaches 
the selected value. (The grid bias of the screen-grid tube controls 
the plate current of the screen-grid tube, which in turn controls the 
grid bias of the tube in the last stage.) 

A choke and condenser in the plate circuit of the screen-grid tube 
act as a filter for the pulsating current which smooths out the biasing 
voltage of the last-stage amplifier tube. 

When the equipment is used for measuring sounds of short duration 
a sensitive a-c microammeter is used instead of the thermoelement, 
No provision is made, however, against overloads as this meter is 
very rugged. It is of the copper-oxide full-wave rectifier type, the 
pointer of the meter being specially damped. 

Figure 6 shows a schematic diagram of the entire equipment. 
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Ficure 6.—Schematic diagram of electrical apparatus. 
Sketch shows entire arrangement. 


3. PROCEDURE 


Measurements are made by adjusting the attenuator until a satis- 
factory galvanometer deflection is obtained. The galvanometer is 
calibrated so that differences in deflection are read directly in decibels. 
When measurements are completed on one side of the panel the 
microphone is removed to the other side of the panel and the attenu- 
ator is readjusted to give approximately the same galvanometer 
deflection. 

It should be noted that the characteristics of the amplifier and 
rectifying system are climinated by the above procedure and that 
no calibration of the ampli... u.ud rectifying equipment need be 
maintained. 

As a set of measurements is made in a comparatively short time, 
it is assumed that the characteristics of the sound source and of the 
measuring equipment remain constant during a set of measurements. 
Experience shows this assumption is valid. 

The method of making the transmission measurements is s0 
planned that all the observations and controls of the apparatus are 
effected in the laboratory L. (See fig. 1.) The microphone is moved 
by a system of wheels and pulleys and the operator enters neither the 
transmitting room S nor the receiving room R, (or Re), except to 
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move the microphone from one to the other or to remove or replace 
the panel under test. A series of measurements consists of eight 
sound-pressure determinations made at different points along a line 
perpendicular to the middle point of the panel in room S, and an 
equal number in room R;, (or R:). Two independent series of such 
measurements are made at each frequency. 

When this work on transmission measurements was first started, 
panels were tested at four frequency bands well distributed over the 
audiofrequency range. As this work progressed, it seemed desirable 
to increase the number of bands at which measurements were made, 
with the result that measurements are now made at nine frequency 
bands. 


V. RECENT EXPERIMENTAL RESULTS 


Table 1, page 754, contains some of our more recent results on 
sound-transmission measurements. 

In a few cases the sound which was transmitted at 4,096 cycles per 
second was so weak that it was not possible to make an accurate 
measurement. In these cases the transmission loss in decibels has 
been marked as being greater than 80.0, but in averaging, the value 
80.0 has been used at 4,096 cycles per second. In two other cases 
the sound could not be heard at 4,096 cycles per second, hence no 
attempt was made to determine the transmission loss, but the value 
80 was used in computing the average. 

Whenever practical the test panels were weighed, but in many 
cases the panels were built in position and it was necessary to destroy 
them in removal, hence the weight was not determined. 

The results of these experiments give additional support to the 
statements published in previous papers’ that when a wall or floor 
is more or less homogeneous it must be excessively heavy to be a 
good sound insulator. If, however, the wall or floor is built in layers 
which are as loosely connected together as possible, the sound-insu- 
lating properties will be greatly improved. This is illustrated by 
comparing panel 130 with Saale 132a, 132b, or 132c. The essential 
difference between panel 130 and the others was that in 132a, 132b, 
and 132c, the finish floor was separated from the rest of the structure 
by a material which would yield a small amount and thus prevent 
an efficient transfer of energy from one part of the structure to the 
other. It should be noticed that this holds for both air-borne and 
tapping sounds. Similar results are shown by panels 129a, 129b, 
and 129c. 

Panel 136a shows a decided improvement over panel 135 due to a 

hung ceiling and a 2-inch concrete floor slab. Panel 136b shows a still 
further improvement, especially for tapping noise, by separating 
the concrete slab from the steel section. 
_ Most measurements in the past have indicated that filling material 
in walls or floors is of little or no value, but when the surface material 
was light as in the construction of airplane cabins, it was found that 
a light filling material was of value. Hence, it seemed reasonable 
that a filling material possessing the proper characteristics might be 
of value in a wall having plaster surfaces. Panels 143a and 143b 
show that rock wool is of some value for this purpose. 


"BS J. Research 2, 541 (1929) RP48, Cir. BS 403 (June 23, 1933). 
133113—35——8 
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A comparison of the results obtained from panels 147a and 147b 
is of some interest. These two panels are identical in construction, 
except that paper was inserted between the 1- and 3-inch sheets of 
Thermax to prevent the plaster from pushing through the joints of 
the 1-inch Thermax and bonding it to the 3-inch Thermax. By elimi- 
nating this rigid bond between the two layers of Thermax the average 
sound-insulating value of the panel was increased about 5.7 decibels, 


VI. DISCUSSION 


The results marked “tapping” in table 1 represent only one phase 
in the reduction of impact noises, such as walking. The figures given 
represent the difference between the noise levels in the rooms above 
and below the floor panel. By changing the floor covering, the abso- 
lute noise level in these two rooms may be greatly reduced, although 
the difference in noise level may not be changed enough to be of any 
practical importance. 

For noises which originate from impacts on the floor, the floor 
covering acts somewhat in the nature of a shock absorber. Hence, 
the softer and more yielding the floor covering the less is the amount 
of energy transferred to the floor that can be radiated as noise. For 
instance, the noise produced by walking on a floor covered with 
rubber or cork tiles is somewhat less than that produced when walk- 
ing on bare concrete; while that produced by walking on a heavy 
carpet is considerably less than that produced on a concrete floor. 

The amount of noise generated also depends upon the type of 
object which strikes the floor. As two extremes, suppose we con- 
sider the leather heel of a shoe with an iron clip on the bottom, and 
a rubber heel. When walking on a concrete floor, there will be a 
difference of several decibels in the noise levels produced by these 
two kinds of heels. If the floor covering consists of rubber or cork 
tiles, the difference in noise levels produced by these two types of 
heels is smaller. If we use a still softer material, such as a heavy 
carpet, the difference in noise levels produced by the two types of 
heels becomes negligible for all practical purposes. 

In most of these cases, except for a bare concrete slab, the trans- 
mission loss through the panel will remain approximately the same. 

Vibrations from machinery which are carried into a building strue- 
ture and cause noise throughout the building may be largely elimi- 
nated in a somewhat similar manner. In this case a resilient mount- 
ing, having considerable internal damping, is placed between the ma- 
chine and the building structure. It is not the intention of this 
paper to go into the details of proper mountings for various types 
of machines. 

When comparing panels, it should be remembered that, owing to 
the form in which the results are expressed, the improvement of one 
panel over another should be expressed as a difference of their trans- 
mission losses in decibels and not as a ratio. 

When it is desirable to express the percentage transmission loss as 
heard by the ear, one must know the initial loudness level of the 
sound. Anyone interested in expressing results in this manner should 
refer to some of the more recent work (see footnote 4) on loudness 
measurements. 









































_ 





of Sound-Transmission Measurements 761 


The most important fact to know about a panel is not how much 
better it is than another, but whether it will reduce a given sound to 
a point where it ceases to be annoying or possibly to a point where it 
is completely inaudible. To determine this, two other factors should 
be known in addition to the iransmission loss through the panel and 
the total absorption in the room—the loudness level of the sound 
which it is desired to reduce to inaudibility and the masking effect of 
the sounds in the room where the listener is located. For instance, 
any sound having a loudness level of 20 decibels might easily be 
masked by other noises in the room. Under these conditions, if the 
noise which we wish to reduce to inaudibility has a loudness level of 
70 decibels, a wall having a transmission loss of 50 decibels will be 
satisfactory for the purpose. If, however, the room where the listen- 
er was located be absolutely quiet this wall will not be satisfac- 
tory. Hence, whether a partition is satisfactory or not depends upon 
the loudness level of the other noises present. 


VII. DESCRIPTION OF PANELS 


129a. Combination floor panel constructed of 4- by 12- by 12-inch, 3-cell partition 
tile. The ceiling of this panel was finished with %-inch of brown-coat gypsum 
plaster and a smooth white finish coat. The floor surface consisted of !%.-inch 
oak flooring, nailed to 2- by 2-inch nailing strips 16 inches on centers, which 
were grouted into the concrete. 

129b. Same as 129a, except that United States Gypsum resilient steel clips were 
inserted between the concrete and nailing strips, 

129c. Same as 129b, except that the oak flooring was removed, and %-inch 
gypsum plaster board was attached to the nailing strips and 14-inch Hydrocal 
was applied on top of the plaster board. 

129d. Same as 129c, except that '%,»-inch oak flooring was applied to the Hydro- 
cal with a mastic cement. 

130. Floor panel, 2- by 8-inch wood joist. Plaster on metal lath applied to 
lower side, subflooring and !%¢-inch oak flooring to upper side. 

131. Floor panel, 2- by 4-inch wood joist. Plaster on metal lath applied to 
lower side, subflooring and '%¢»-inch oak flooring to upper side. 

132a. Floor panel, 2- by 8-inch wood joist. Plaster on metal lath applied to 
lower side, subflooring to upper side. 1-inch Balsam Wool was laid over the 
subfloor and on this were placed small squares (2% by 2% inches) of hard- 
pressed Nuwood spaced 16 inches on centers in each direction. Nailing strips 
1% by 1% inches were placed on top of these Nuwood squares and held in 
place by a metal strap. The finish floor (!%.-inch oak) was nailed on top of 
these nailing strips. 

132b. This was a floor in an apartment house and supposed to be constructed 
the same as 132a. 

132c. Floor panel. This panel was the same as 132a, except that %-inch Balsam 
Wool was used instead of 1 inch. 

138a. Floor panel, 2- by 8-inch wood joist. Plaster on metal lath applied to 
lower side, subflooring to upper side. %-inch Balsam Wool was laid over 
subfloor and %-inch Nuwood was placed on top of the Balsam Wool. 1%- by 
1%-inch nailing strips were spaced 16 inches on centers on top of the Nuwood 
and held in position by driving one nail at each end through the strip and into 
the subfloor. A finish floor of !%,-inch oak was applied on top of the 
nailing strips. 

133b. Floor panel. This panel was the same as 133a, except that strips of 
Nuwood 2% inches wide were placed under the nailing strips, instead of 
entirely covering the %-inch Balsam Wool with sheets of Nuwood. 

134. Steel floor section with ‘‘ Keystone section.” 

135. Steel floor section with flat top. 

136a. Floor panel constructed by using steel section 135. The top of this 
section was covered with 2 inches of concrete and a suspended metal lath and 
plaster ceiling attached to the bottom, leaving approximately 4 inches between 
the metal section and plaster. 
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136b. Floor panel. This was the same as 136a, except that the 2-inch concrete 
slab was removed and ¥% inch of emulsified asphalt applied directly to the top 
of the steel section. A 2-inch concrete slab was cast on top of this asphalt. 

137. Floor panel constructed of 8-inch Mac Mar Joist, with 3-inch Thermax 
clipped on top and 1l-inch Thermax clipped on bottom of joist. 4% inch of con. 
crete was poured on top of the 3-inch Thermax. The floor was finished by 
cementing \%-inch battleship linoleum on top of the concrete. The ceiling was 
finished by applying a brown coat of gypsum plaster and a smooth white 
finish coat. 

138. Gypsum-tile wall panel constructed of 3- by 12- by 30-inch tile with cir. 
cular cores lengthwise, United States Gypsum resilient clips, metal lath, and 
agers plaster on one side, gypsum plaster applied directly to tile on the other 
side. 

139. Cinder-block panel constructed of 4- by 8- by 18-inch standard Straub 
hollow cinder blocks. Plastered on both sides with % inch of brown-coat 
gypsum plaster, smooth white finish coat. 

140. Hollow clay-tile panel constructed of standard 4- by 12- by 12-inch New 
Jersey porous clay tile. Plastered on both sides with 5-inch of brown-coat 
gypsum plaster, smooth white finish coat. 

141. Hollow clay-tile panel constructed of 4- by 12- by 12-inch New Jersey 
hollow clay tile with l-inch shells. Plastered on both sides with % inch of 
brown-coat gypsum plaster, smooth white finish coat. 

142. Hollow clay-tile panel constructed of 4- by 12- by 12-inch New Jersey 
standard clay partition tile. Plastered on both sides with 5 inch of brown-coat 
gypsum plaster, smooth white finish coat. 

143a. Wall panel constructed of 1%-inch Steeltex Channels for studs, Steeltex 
lath on each side, scratch- and brown-coat gypsum plaster, smooth white 
finish coat. 

143b. — as 143a, except that space between metal studs was filled with rock 
wool. 

144. Cinder-block wall panel constructed of 4- by 8- by 16-inch cinder blocks, 
Plastered on both sides with % inch of brown-coat gypsum plaster, smooth 
white finish coat. 

145. Cinder-block wall panel constructed of 3- by 8- by 16-inch cinder blocks. 
Plastered on both sides with % inch of brown-coat gypsum plaster, smooth 
white finish coat. 

146. Wall panel constructed of Thermax sheets 3 inches thick laid in mortar 
composed of gypsum plaster. Plastered both sides with a brown coat of 
gypsum plaster, smooth white finish coat. 

147a. Wall panel constructed of Thermax sheets 3 inches thick laid in mortar 
composed of gypsum plaster. When the gypsum had set, 1l-inch Thermax 
sheets were nailed on one face. Plastered both sides with a brown coat of 
gypsum plaster, smooth white finish coat. 

147b. Wall panel. This panel was constructed the same as 147a, except that 
Sisal-Kraft paper was placed between the 1l-inch and 3-inch Thermax, thus 
preventing any mortar penetrating through the joints of the 1-inch Therma, 
and bonding it to the 3-inch Thermax. 


VIII. GENERAL SPECIFICATIONS FOR CONSTRUCTION 
OF TEST PANELS 


1. Erection of Clay Tile-—Unless otherwise specified, the tiles were 
laid in a mortar composed of 1 part of portland cement, 1 part of 
mason’s hydrated lime, and 4 parts of sand by volume. The surfaces 
to be plastered were reasonably true and free from dirt or other loose 
material. The joints were flush with the surface. 

2. Erection of Cinder Block.—Unless otherwise specified, the cinder 
blocks were laid in a mortar composed of 1 part of porters cement, | 


part of mason’s hydrated lime, and 4 parts of sand by volume. The 
surfaces to be plastered were reasonably true and free from dirt or 
other loose material. The joints were flush with the surface. 

3. Erection of Gypsum Tile —Tile 3 by 12 by 30 inches, with cirev- 
lar core lengthwise, were used. They were laid in a mortar com 
of 1 part of retarded neat-gypsum plaster to 2 parts of sand, by volume, 





— Sound-Transmission-Measurements 763 


to form a 3-inch wall. The surfaces to be plastered were reasonably 
true and free from dirt or loose material. The joints were flush 
with the surface. 

4. Erection of Combination Floor Slab (Panels 129a, 6, c, d).— 
This slab was constructed of 4- by 12- by 12-inch clay tile and 
concrete. The tiles were laid in rows spaced about 18 inches on 
centers. The spaces between the rows of tiles were filled with 
concrete and about 2 inches of concrete was poured on top, making a 
total thickness of 6 inches for the slab. The concrete mix consisted 
of 1 part of portland cement, 2 parts of concrete sand, and 4 parts of 
gravel by volume. 

5. Erection of Wood Joist.—Except for panel 131, new straight 2 
by 8’s were used. They were spaced 16 inches on centers and 
securely nailed to a frame, which consisted of 2 by 8’s. For panel 
131, 2 by 4’s were used in place of 2 by 8’s. 

6. Erection of Steeltex Studs.—1\-inch Steeltex channels were set in 
a wooden frame constructed of 3 by 4’s. The channels were spaced 
about 16 inches on centers. The bottoms of the channels were 
perpendicular to the face of the panel. 

7. Erection of Thermar Wall Panels.—Sheets of Thermax 3 inches 
thick, 20 inches wide, and 64 inches long were used. The Thermax 
was laid in mortar composed of 1 part of retarded gypsum plaster to 2 
parts of sand, by volume, to form a 3-inch wall. The joints were 
flush with the surface. 

8. Erection of Mac Mar Joist.——The 8-inch Mac Mar Joist were 
spaced approximately 20 inches on centers. Bridging, supplied by 
the manufacturer, was used between each joist. 

9. Erection of Metal Lath—This was expanded metal lath, painted, 
and of medium weight (3 lb/yd’). The sheets were attached with 
their longer dimensions across the supports. The joints between the 
edges of the sheets were lapped one full mesh and tied with no. 18 
iron wire midway between supports. Each sheet was securely fas- 
tened to every support it crossed, the fastenings being spaced about 6 
inches apart, across the width of the sheet. 

10. Scrateh-Coat Gypsum Plaster, on Metal Lath—This coat was 
composed of 1 bag of retarded neat fibered gypsum plaster to 1% 
cubic feet of sand. The ingredients were thoroughly mixed, first dry 
and again wet, and applied to the lath with sufficient pressure to 
force the plaster through the lath to form a good key. The exposed 
surface was reasonably true and covered the lath about % inch. 
Before setting, the surface of the coat was scratched with an appro- 
priate tool. ‘This coat was allowed to set before applying the brown 
coat. 

11. Brown-Coat Gypsum Plaster—This coat was composed of 1 
bag of retarded neat fibered gypsum plaster to 244 cubic feet of sand. 
The ingredients were thoroughly mixed, first dry and again wet, and 
applied with sufficient force to form a good bond. When the plaster 
base was Thermax, this coat was built out to an average thickness of 
4inch, rodded and floated to a true, even surface. ~For masonry this 
thickness was % inch unless otherwise stated in the description of the 
panel. For metal lath the total thickness of the plaster from the face 
of the studs or joist to the face of the plaster was % inch. 

_ 12. Smooth Finish Coat.—This coat was composed of 1 bag of fin- 
ishing hydrated lime to 4 bag of unretarded gypsum plaster. The 
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lime was made into a putty with water at least 24 hours prior to use, 
A small amount of this putty was circled out on a plasterer’s board, 
some water put into the circle, and gaging plaster equal to one-half 
the volume of the putty dusted into the water. The whole was then 
mixed with a trowel, more water being added, if necessary. More 
material was not mixed at one time than could be used in 30 minutes, 
The mixture was not retempered, but each batch was started with 
clean board and tools. This plaster was applied as a thin, even layer 
over the brown coat. It was watched carefully for the appearance of 
incipient crystallization. When this occurred, it was immediately 

troweled down to a smooth, true finish, using considerable pressure on 
the trowel, and brushing the surface with water, if necessary. This 
coat was as thin as possible without permitting the brown coat to 
show through. 

13. Erection of Subflooring.—New, straight '%.- by 3%-inch stock 
was used. It was applied diagonally across the floor joist and well 
nailed. 

14. Erection of Finish Flooring.—New, straight '%{.- by 24-inch oak 
flooring was used. The oak flooring was applied perpendicular to 
the joist or nailing strips and securely nailed. 
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SELECTIVE ADSORPTION FROM SOAP SOLUTIONS 
By Harvey A. Neville! and Milton Harris ” 


ABSTRACT 


Soap is adsorbed from aqueous solution at all types of interfaces, but the ratio 
of fatty acid to alkali in the adsorbed portion varies with the nature of the 
interface. 

Soap foam, continuously removed from an aqueous solution by CO,-free air, 
was found to be less alkaline than the original solution, while the latter became 
progressively more alkaline. The addition of alkalies to the soap solution de- 
creased the selective effect and modified the character of the foam. 

When carbon black, paraffin oil, and pure olive oil were brought in contact 
with soap solutions, the aqueous medium became more alkaline and acid soap 
was adsorbed at the interface. 

Fuller’s earth, olive oil containing free fatty acid, wool, and silk, in soap solu- 
tions adsorbed soap and alkali at the interface and the aqueous medium became 
more acid. Cotton showed no selective adsorption and adsorbed a relatively 
small amount of soap. 

The results of these experiments are consistent with the theory of the existence 
of an acid soap, resulting from the hydrolysis of soap in dilute solution. 


CONTENTS 


I. Introduction 
II. Results and discussion 
1. Adsorption in foam 
2. Adsorption by carbon 
3. Adsorption by fuller’s earth____-__-___- 
4. Adsorption by oil droplets Paps bee 
5. Adsorption by wool, silk, and cotton_______.-_---______-- : 
Til. Refereneaa.. .. {tees et A oe Ae ee eh ne. : 


I. INTRODUCTION 


_ The existence of an acid soap resulting from the hydrolysis of soap 
in dilute aqueous solution has been suggested by different investi- 
— Its formation has been represented by Williams (1)° as 
ollows: 


(NaSt) NaSt 2 St-+Nat=Nat+ (St-) 

neutral simple + + ionic 

colloid molecules Ht+OH-2H,0 micelle 
(sodium stearate) | tl tf 


Xx postpone - +—HSt NaOH 


! Associate Professor of Chemistry, Lehigh University. 

? Research Associate at the National Bureau of Standards representing the American Association of 
Textile Chemists and Colorists. 

+ Figures in parentheses here and throughout the text refer to the references given at the end of this paper. 
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The acid soap is probably also ionized as a colloidal micelle. 

The addition of alkali to the soap solution obviously represses this 
hydrolysis. It is also apparent that the hydrolytic equilibrium will 
be disturbed by contact with any material which preferentially ad- 
sorbs fatty acid, acid soap, or alkali. ‘There is considerable evidence 
(1) to show that the principal surface-active constituent of a soap 
solution, to which is attributed its efficiency as a lubricant, detergent, 
and emulsifying agent, is the acid soap. This view is consistent with 
the fact that the addition of alkali to a neutral soap solution raises 
the surface tension and decreases the effectiveness of the soap in the 
processes mentioned, while the addition of fatty acid often improves 
the emulsifying and lubricating ability of the soap solution. 

If the acidjsoap is the surface-active agent in the solution, it will 
concentrate at interfaces and the aqueous medium will become more 
alkaline in contact with chemically neutral or inert materials. How- 
ever, when the material forming an interface with the soap solution 
is acidic in nature or strongly adsorbs OH7 ions, the aqueous solution 
may become more acidic, since the selective adsorption of OH™ ions 
may exceed the opposing effect due to the removal of acid soap. 


TaBLE 1.—Selective adsorption at various types of interfaces in 0.25-percent soap 
solution 





Material in contact with soap solution Aqueous medium becomes more— | Adsorbed at interface 





Air (foam) Acid soap. 
D 


Carbon (lampblackkx) _.....-- eae aT 0. 
Fuller’s earth____- i Soap and OH-. 


Paraffin oil (medicinal) -..............--.-.-.. Acid soap. 
Olive oil ! d Do. 
Soap and OH-. 
Do. 
Do. 
Soap. 











1 Contained 0.33 percent of free fatty acid. 
2 Contained 7.90 percent of free fatty acid. 


II. RESULTS AND DISCUSSION 


The qualitative effects obtained with various types of interfaces 
in dilute soap solution are shown in table 1. 

The soap used in all experiments was a neutral pure olive-oil soap, 
which showed equivalent amounts of alkali and fatty acid upon 
analysis. The soap solutions were prepared with freshly boiled 
distilled water. The concentration used was 0.25 percent and gave 
a pH value of 10.0. 

1. ADSORPTION IN FOAM 


Thin films of soap solution in contact with CO,-free air were con- 
tinuously formed and separated from a soap solution by the means 
illustrated in figure 1. The stream of air was first dried by passage 
through granular calcium chloride and concentrated sulphuric acid, 
then passed through a tower of soda lime to remove carbon dioxide, 
and finally rehumidified to avoid evaporation of the soap solution. 
Two liters of soap solution was placed in the first aspirator bottle 
and with this amount of solution, a foam-height of 20 cm was re uired 


before the foam passed into the collecting bottle. The rate of the air 
stream was regulated to maintain a slow, steady delivery of foam 
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permitting good drainage of the films so that a “dry” foam was 
obtained. The delivery tube had an internal diameter of 8 milli- 
meters, and the foam extruded from this built up into a very stiff 
mass in the collecting bottle, and remained unbroken for several 
hours. When the delivery end of this tube was constricted to 1 
millimeter in diameter, the foam broke to a spray in the collecting 
bottle and samples of the resulting liquid could be taken at once. 
Some results obtained by this method are shown in table 2. 


om. * 





























Hy SR Hee 
a Mee t-if-~4 
Suiphune = Si Water 

Acid Lime Solution 

Ficure 1.—Apparatus for preparation of foam. 
























































TaBLEe 2.—pH values and the soap and sodium-carbonate concentrations of solutions 
and of the foams formed by bubbling CO,-free air through the solutions 





Concentration, 


Description of solution percent 


PH value 





Original soap solution 10.0 
First 40 ml of broken foam 3 ¢ 9.6 
Sample of 25 ml of broken foam after total of 250 ml removed aa 9.6 
Remainder of original solution . 10.5 


Original solution of soap and soda ash ao soda aah 11.0 








First 25 ml of broken foam 0.45 soda ash i } 10.8 





It is apparent from these data that the films of bubbles formed from 
a dilute soap solution contain a higher concentration of a solute which 
is less alkaline than the original soap, and the residual soap solution 
becomes progressively less concentrated and more alkaline as the 
foam is removed. In other words, the solute which is adsorbed at 
the air-solution interface is a product of the hydrolysis of soap, which 
does not carry equivalent amounts of sodium hydroxide and fatty 
acid. The solution resulting from the broken foam exhibits a marked 
turbidity which clears upon the addition of alkali. 

The direction of this selective adsorption is the opposite of that 
reported by Zacharias (2), who found that the residual soap solution 
became progressively more acid as successive increments of foam were 
produced and removed—the final solution had a pH value of 6.5 and 
would no longer lather. He apparently did not test the foam itself 
= pacaata no precautions against contamination by carbon 

loxide, 
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It may be noted in table 2 that the composition of the foam is 
approximately constant, changing very little in soap concentration 
and not measurably in pH value, while the original soap solution 
decreases to one-third its original strength and becomes more alkaline, 
This constancy of composition may be taken as evidence of a saturated 
film of the surface-active constituent of the soap solution. 

When soda ash is added to the soap solution, the hydrolysis ig 
repressed and a much less stable foam results. In this case a more 
rapid stream of air is required to raise the foam sufficiently to carry 
it over into the collecting bottle. There is less time for drainage and 
a larger quantity of solution is carried by each bubble. In spite of 
these disturbing factors, a selective adsorption in the same direction 
is observed and it is seen that while the soap is positively adsorbed 
the added alkali is negatively adsorbed. 


2. ADSORPTION BY CARBON 


A sample of lampblack * weighing 1.5 grams was stirred into 100 ml 
of a 0.25-percent soap solution. After standing for 30 minutes this 
suspension was filtered. The filtrate showed a pH value of 10.1, 
While this is not a large change, it was apparent that the carbon 
had removed some of the acid soap from the solution. 


3. ADSORPTION BY FULLER’S EARTH 


When a sample of fulle.’s earth was mixed with distilled water 
(pH =5.9) and filtered, th. filtrate showed no change in hydrogen-ion 
concentration. When 5 g of fuller’s earth was stirred into 100 ml of 
the 0.25-percent soap solution (pH =10.0) and filtered, the filtrate 
had a pH value of 9.2. The selective adsorption of alkali by fuller’s 
earth is well known, for when a solution of sodium chloride is filtered 
through it, sodium hydroxide formed by hydrolysis is removed and 
the filtrate becomes acid. 


4. ADSORPTION BY OIL DROPLETS 


An emulsion was prepared from equal volumes of pure paraffin oil 
(medicinal) and the 0.25-percent soap solution. This was permitted 
to stand in a separatory funnel until it had creamed but had not 
broken. The lower aqueous layer was drawn off and it was found to 
have increased in alkalinity to a pH value of 10.4. 

This experiment was repeated using a pure olive oil in place of the 
paraffin oil. The olive oil was found to contain 0.33 percent of free 
fatty acid. After creaming the aqueous layer had a pH value of 10.3. 

A commercial olive oil which contained 7.90 percent of free fatty 
acid was emulsified in the same manner as the other oils. It formed 
a much more stable emulsion, and the aqueous layer after creaming 
had decreased in alkalinity to a pH value of 5.8. The above results 
indicate a selective adsorption of the acid products of the hydrolysis 
of soap or a negative adsorption of hydroxyl ions by oil droplets, 
except when the oil contains a considerable amount of free fatty acid. 


‘ Grade J. from L, Martin Co., Philadelphia, Pa, 
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5. ADSORPTION BY WOOL, SILK, AND COTTON 


Two-gram specimens of purified * wool, silk, and cotton were soaked 
in 100-ml portions of the 0.25-percent soap solution. At intervals 
of time, the pH value of each solution was determined with the glass 
electrode. The results are recorded in table 3. 

A similar set of experiments was made, except that aliquots were 
taken from each solution at stated intervals and analyzed for total 
alkali and fatty acid content. Only one aliquot was taken from each 
solution. The total alkali was determined by direct titration with 
standard acid, using methyl orange as the indicator. The total fatty 
acid was obtained by the procedure described by Levitt (5). The 
values in table 4 are given in millimoles per gram of conditioned fiber 
and each is the average of three determinations. 

The results in tables 3 and 4 show that both wool and silk exhibit 
a pronounced selective adsorption of alkali, while cotton adsorbs equal 
but relatively small quantities of both alkali and fatty acid. Silk 
adsorbs the greatest amount of alkali. This is to be expected since 
its low isoelectric point (pH 2.5) (3) shows it to be one of the most 
acid proteins known. It is of interest to note that the soap solutions 
became turbid almost immediately after coming in contact with the 
wool and silk, while the solution in contact with cotton remained 
practically clear for 24 hours. 


TasLe 3.—pH vatues of 0.25-percent soap solutions in contact with wool, silk, and 
cotton for various lengths of time 




















PH of soap solutions in contact | pH of soap solutions in contact 
with— with— 
Time | Time a ae 
Wool Silk | Cotton | Wool Silk Cotton 

| ars £2 are ee taeda a Neck eed 
TIE! 10.0 10.0 10. 00 eS oe 9.90 | 9. 75 | 9. 92 
1 min__- 9. 98 9. 94 10.00 |} 30 min............-| 9.81 | 9. 59 | 9. 93 
ORE 9. 94 9.90 oe wie 9. 66 tS eee 
mn = 9. 94 9. 80 | oaih ch attic SE Bilis se aciiadaadwbhe 9. 08 8.91 | 9. 90 

| } 








TaBLE 4.— Adsorption of alkali and fatiy acid by wool, silk, and cotton in 0.25-per- 
cent soap solution 


|The values given are millimoles per gram of fiber weighed in equilibrium with an atmosphere of 65-percent 
relative humidity at 70° F.] 











Wool Silk Cotton 
Time j 

NaOH Oleic acid NaOH Oleic acid NaOH Oleic acid 

f Millimoles | Millimoles | Miilimoles | Millimoles | Millimoles | Millimoles 
Se EN EARN 0. 035 0.009 0. 072 0 086 0 010 0.013 
ene pe ORR SEES . 058 .014 . 159 . 079 . 012 .014 
INTL «nnn issiesvounikeicbeeeeniie . 063 . 018 . 161 . 084 . 013 . O11 
| REE . 073 . 028 . 165 . 098 . 012 - 013 
EARS a PEN Oe . O85 . 032 . 168 . 103 . 012 . 012 
MRE RASS, -107 . 040 .178 .114 - O15 - O11 























5 White worsted yarn, prepared from raw wool which had been solvent-extracted and washed with 
Water, was used in this work. ‘The yarn was extracted with alcohol and ether for six hours each, then 
washed. with water, and conditioned at 65-percent relative humidity and 70° F. The preparation of the 
purified silk (3) and (4) has been described elsewhere. 
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EFFECT OF SULPHURIC ACID ON CHROME-TANNED 
LEATHER 


By Everett L. Wallace, John Beek, Jr., and Charles L. Critchfield 


ABSTRACT 


Chrome-tanned leather contains a definite amount of acid in combination with 
the chromium and hide substance. The ratio of chromium to acid affects some 
of the properties of the leather. This investigation determined the effect of 
varying percentages of added sulphuric acid on the tensile strength of one lot of 
chrome-tanned leather, aged at 70° F and 65 percent relative humidity, for a 
period of 2 years. The maximum amount of sulphuric acid added, approxi- 
mately 2.5 percent, caused little change in tensile strength. The pH of the 
eather with the largest amount of added acid was 2.8 and the basicity 47 percent. 


CONTENTS 
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I. INTRODUCTION 


In the manufacture of one-bath chrome-tanned leather, a basic salt 
of chromium sulphate is the usual tanning agent. In the tanning 
process this salt is decomposed by the hide substance with the libera- 
tion of free sulphuric acid. As the tanning progresses this acid must 
be partially neutralized to complete the tannage and fix the chrome 
salt in the hide. Some physical properties of chrome leather are in- 
fluenced to a large extent by the ratio of chromium to acid in the 
finished product. 

When chrome leather is exposed to an atmosphere polluted with 
sulphur dioxide, its sulphuric-acid content increases. Frey and 
Beebe ! showed that exposure to gas fumes may result in serious de- 
terioration of chrome-tanned leathers, although the deterioration is 
not as great as for vegetable-tanned leathers under the same condition. 

The purpose of the present investigation was to determine the effect 
of added sulphuric acid on the deterioration of chrome-tanned leather 
with age. The tensile strength of the leather was used as the criterion 


9 


of deterioration as in similar work * on vegetable-tanned leathers. 


II. MATERIAL AND METHODS 


The leather was prepared in the National Bureau of Standards’ 
experimental tannery from steer hides by a commercial one-bath 


ape ai process. The chemical analysis of the leather is given 
in table 1. 


—_—_—— 


1J. Am. Leather Chem. Assn. 29, 489 (1934). 
‘J. Am. Leather Chem. Assn. 26, 444 (1931). 
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TABLE 1.—Chemical analysis of leather 


{Results expressed in percent, except pH. Tota) sulphate is expressed as sulphuric acid] 


Cheduplemnakiin TO eo i ck ee a a ad 6. 05 
Be ice beak ccs A een Sachin > Ka ne ha as © ease edna 6. 49 
Grease (petroleum-ether extract) _...........-.------------.--------- 5. 19 
‘Totel maples Cr ens es +... =. | 5 os a ei one -- one 4. 20 
TIsGnn GE 2 IS 85 Goi: oo oko dad enn nas coupe 4. 30 
Bantely (Gaborone Wena) Fos oc 5 <4 5s SS + eee SoS -5 eae 66 

pH (5-g of leather in 100 ml of distilled water) .........----- Bie SE Be, 5. 3. 52 


The leather was divided into four lots for the acid treatment, ag 
described by Bowker, Wallace, and Kanagy.* In this investigation 
each average tensile strength given in the results represents 21 instead 


of 42 samples. 
The pH and added acid for the three lots of treated leather are 


given in table 2. 


TABLE 2.—Analysis of treated leather 




















Added acid as found by— 
Lot pH nt ary 
Thomas | Oxidation 

method (HNO;) 

Percent Percent 

HnSO, FSO, 
a Re he ea ait is 2 eis ad 3. 30 0. 95 0. 84 
, ark a aR epi et, Casey ES La ens 3. 09 1.76 1, 55 
cal 2. 84 2. 62 2. 29 














The added acid is expressed as percentage of sulphuric acid on the 
basis of the dry leather immediately after it is added. The aging 
and tensile-strength determinations were carried out as previously 
described. 

III. RESULTS AND CONCLUSIONS 


The results of the tensile-strength determinations are given in 
table 3. 


TABLE 3.—Results of tensile-strength determinations calculated in \b/in. 


























Age of treated samples (in months)— 
Lot Untreated : mE ei) 
0 6 12 18 24 
ae 2, 344 ® 2, 657 2, 513 2, 446 2, 600 2, 290 
i, saws 2, 518 2, 600 2, 594 2, 250 2, 560 2, 420 
» RSS Reo Se POLE NaS Wem IOS t: 2, 672 2, 633 2, 601 2, 450 2, 675 2, 470 
Oo Ses SS os ae edehcnndete 2, 456 2, 414 2, 486 2, 370 2, 415 2, 275 





* Treated with water for control. 


1 J. Am. Leather Chem. Assn. 15, 504 (1920). 
2J. Am. Leather Chem. Assn. 26, 444 (1931). 
3 J. Am. Leather Chem. Assn. 19, 575 (1924). 
4J. Research NBS 14, 121 (1935) RP761. J. Am. Leather Chem. Assn. 30, 91 (1935). 
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The effect of the acid after 24 months’ aging is shown in figure 1, 
in which the percentage retention of tensile strength is plotted against 
the original pH of the leather. As the probable error of each of the 
points shown is 2 or 3 percent, it may be seen that there can be no 
certainty that the added acid caused deterioration. Thus, this inves- 
tigation does not determine the limit of acidity beyond which chrome- 
tanned leathers deteriorate seriously in two years’ time. It is appar- 
ent, however, that the chrome-tanned leather was very much less 
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Ficurr 1.—Percentage of original tensile strength of the leather retained after two 
years aging as a function of its original pH. 


affected by the addition of sulphuric acid than were the vegetable- 
tannedjleathers in the previous work. The remaining basicity of 
the leather with the highest acid content used in the present work 
may be significant in this connection. The leather containing approxi- 
mately 2.5 percent of added acid had a basicity of 47 percent, as com- 
pared with 66 percent for the original leather, so that it might be 
expected that the acid was largely neutralized by the excess of basic 
chromium present. 


Wasuineton, April 16, 1935. 






-~ Lol ’ ON DPS er ee SO — ert 

















U. S. DepARTMENT OF COMMERCE NATIONAL BurEAU oF STANDARDS 
RESEARCH PAPER RP803 


Part of Journal of Research of the National Bureau of Standards, Volume 14, 
June 1935 





ATMOSPHERIC EXPOSURE TESTS ON NONFERROUS 
SCREEN WIRE CLOTH 


By G, Willard Quick 





ABSTRACT 


Atmospheric-exposure tests on seven compositions of nonferrous screen wire 
cloth were made by the National Bureau of Standards in cooperation with the 
American Society for ee Materials over a period of about nine years. The 
specimens were exposed at Pittsburgh, Pa., a heavy-industrial atmosphere; at 
Portsmouth, Va., and Cristobal, C. Z., a temperate and a tropical seacoast atmos- 
phere, respectively, with some industrial contamination; and at Washington, 
D. C., a normal inland atmosphere. At the termination of the tests at least one 
failure had occurred in each of the materials exposed at Pittsburgh; one of the 
materials hac failed at both Portsmouth and Cristobal; while at Washington 
none of the materials had failed. The tensile strengths of the materials before and 
after exposure are compared. 

There was no consistent relation between the results of laboratory accelerated- 
corrosion tests and the atmospheric-exposure tests at any of the locations. 
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I. INTRODUCTION 


In June 1924, a program of atmospheric-exposure tests on seven 
compositions of nonferrous screen wire cloth was formulated by 
Committee D-14 of the American Society for Testing Materials, the 
materials being furnished by members of the committee. Chemical 
analyses and certain laboratory tests were conducted at the direction 
of Subcommittee IV, under the chairmanship of the author, who repre- 
sented the National Bureau of Standards on the committee. The 
exposure racks were placed on Government property as follows: 
(1) U. S. Bureau of Mines, Pittsburgh, Pa., (2) U. g Lighthouse 
Depot, Portsmouth, Va., (3) Cristobal, C. Z., and (4) the National 
Bureau of Standards, Washington, D. C. The National Bureau of 
Standards arranged for the inspection and periodical reports of the 
condition of the exposed specimens. 

During the summer of 1934 the necessity arose of removing the 
specimens at Portsmouth, Va., because the building on which they 
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were located was to be razed. No other location was available in the 
immediate vicinity, and since failure had already occurred in most of 
the materials at Pittsburgh and several failures had been reported at 
Cristobal, although none had occurred at Washington, it was believed 
that more useful information would be obtained from an examination, 
at this time, of the remaining specimens than to prolong the tests 
until all materials had failed. Therefore it was decided to terminate 
the tests at the first three locations. As no failures had occurred at 
Washington, and extra materials which had been exposed for approxi- 
mately the same length of time were available for examination, it 
was decided to continue the exposure of the framed materials at that 
location. 


II. MATERIALS AND PREPARATION OF SPECIMENS 


Seven nonferrous materials in the form of 16-mesh insect-screen 
cloth woven from wire .0113 in. in diameter were used. Their nominal 
compositions and the compositions determined by analysis of samples 
of the finished cloth are given in table 1. 


TABLE 1.—Composition of materials used in exposure tests of screen wire cloth 
































Composition, in percentage, determined by analysis * 
Desig- | j ens net 
nation | Nominal composition . - ani. | A} 
of alloy | Sop- ae —s : anga- i- umi- 
per Zinc | Nickel} Tin | Iron | Lead nese con | name 
fs od | 90 copper, 10 zinc.......- 90.7 |»9.05| end | 0.23 |<0.02] nd |.-...-...|-.----].... 
Ba etiede | 80 copper, 20 zinc........| 80.1 19. 88 BE daccons < .02 OE $. kc cumnestccimeds RIESE 
3_.__-....| 75copper, 20nickel, 5zinc_| 73.9 5.4 TAB fonns- me 0.5 | 0.06 j........ 
ee 70 nickel, 30 copper 
asm conee nna 2 fe Mcweniee _ | g Beane we Tnessiu oF. lnenneslseancuel 
5...--...| Unalloyed copper. -_--.-- 99. 94 nd et Pere OE Focccncqndincind Asus 
OF tice 98 copper, 2 tin...._..--- | 98.3 nd nd/18 i<.0l OE Siecle WO hannndinn 
7...--.--| 95copper, 5aluminum.--| 95.2 nd nd | «OB dvecepen BE: bo cswpedashecchinn! 4.8 

















® Made by the Chemistry Division of the National Bureau of Standards. 
» By difference. 
¢ nd means not detected. 


Of the seven compositions, unalloyed copper and the 90-copper, 
10-zine alloy were commercially available at the time the program 
was started and have continued to be since. The other alloys were 
not on the market at the time, but were included in the tests on the 
recommendation of various members of the committee. 

Each material was mounted in three types of frames (1) 30- by 
36-in. copper frames; (2) 30- by 36-in. wood frames; and (3) 12- by 
12-in. (inside dimensions) wood frames. The cloth was mounted 
in the two larger frames by the Cincinnati Fly Screen Co. in the 
presence of the author. The cloth in the small frames was mounted, 
with very little tension in the screen, at the National Bureau of 
Standards. The frames were numbered for identification to corre- 
spond to the alloy numbers (see table 1). The 30- by 36-in. wood 
frames were numbered 1 to 7; the 30- by 36-in. copper frames were 
numbered 11 to 17; and the 12- by 12-in. wood frames, 21 to 27. The 
wood frames were painted several times during the exposure period 
with va carbonate white-lead paint. The-.copper frames were not 
painted. 
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The four test locations were selected to represent. different atmos- 
heric conditions, as follows: (1) The U. S. Bureau of Mines at 
ittsburgh, a heavy-industrial atmosphere; (2) the Lighthouse Depot 

at Portsmouth, Va., a temperate seacoast atmosphere with some 
industrial contamination; (3) Cristobal, C. Z., a tropical seacoast 
atmosphere with some industrial contamination; and (4) the National 
Bureau of Standards, Washington, D. C., a normal inland atmosphere. 
A photograph of the twenty-one framed specimens mounted on 
racks for exposure on the roof of a warehouse at Cristobal, C. Z., is 
shown in figure 1. This is typical of the arrangement at each of the 
four exposure locations. The test frames were fastened to vertical 
members, which were spiked to horizontal stringers so that the 
specimens were not directly under the longitudinal member. 

Specimens of each material (unframed) were exposed in Wash- 

ington, adjacent to the corresponding framed specimen, approxi- 
























































LOSS OF WEIGHT—-MG 




















12-HOUR CYCLES MO-HOUR CYCLE 
Ficgure 2.—Loss of weight after exposure to salt spray, normal solution. 


mately one year after the start of the exposure tests. Tensile tests 
were made on specimens clipped from this material from time to time 
to demonstrate the changes in tensile strength on exposure. 


III. LABORATORY TESTS 


After the atmospheric-exposure tests had been started, accelerated 
corrosion tests were made to determine the relative corrodibility of 
the different materials, and whether such information would serve 
as a criterion to predict the expected life of the material in actual 
service. The sulphur-dioxide content of the atmosphere was also 
determined through the cooperation of several U. S. Government 
laboratories, over a period of one year at or near each of the expo- 
sure locations. The accelerated-corrosion tests consisted in ex- 
posure to (1) salt spray, and (2) intermittent immersion in a salt 
solution and in dilute sulphuric acid. 
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1. SALT SPRAY 


In the salt-spray test the specimens were exposed to a spray or 
“mist” from a normal sodium-chloride solution (58.5 g of NaCl per 
liter). The effect of the exposure was measured by bis of weight 
in one series of specimens and by loss of tensile strength in another 
series. For each material a group of specimens 2 in. square was 
suspended from glass hooks in the spray box and, at intervals, du- 
plicate specimens were withdrawn, scrubbed, and rinsed in alcohol, 
dried, and weighed. Specimens once withdrawn and weighed were 
not replaced in the salt-spray box. The average loss of weight of 
the pairs of specimens is shown in figure 2. 

Specimens for the determination of loss of tensile strength after 
exposure to salt spray were taken both longitudinally and transversely 
to the direction of weaving, from each material. The tensile strengths 
after different periods of exposure are shown in figure 3. 

The greatest loss of weight and of tensile strength occurred in the 
copper-zine alloys, nos. 1 and 2; the alloys containing nickel, nos. 3 
and 4, lost the least in weight and tensile strength; the remaining 
alloys fell between these extremes. 


2. INTERMITTENT IMMERSION 


These tests were made by dipping a specimen, 2 in. square, of each 
material into the corroding solution once each 15 minutes by use of an 
apparatus described by Rawdon, Krynitsky, and Finkeldey.' For 
approximately 13 minutes of each 15-minute period, the specimen 
was suspended in the air to dry. At intervals the specimen was re- 
moved from the apparatus, washed, dried, and weighed. The cor- 
roding solutions were: 

(a) N/10 sulphuric acid (4.9 g of H,SO, per liter). 

(b) N/50 sulphuric acid (0.98 g of H,SQO, per liter). 

(c) N/2 sodium-chloride solution (29.25 g of NaCl per liter). 

The results of these tests are given in figures 4, 5, and 6. In the 
sulphuric-acid solutions, the loss of weight was greatest for the copper- 
zinc alloys, nos. 1 and 2, and least for the alloys containing nickel, 
nos.3 and 4. ‘These results were in agreement with those obtained in 
the salt-spray tests. Likewise, intermittent immersion in the N/2 
sodium-chloride solution caused the greatest loss of weight in ma- 
terials nos. 1 and 2, but the alloys containing nickel, nos. 3 and 4, lost 
more weight than the remaining alloys. However, the total amount 
lost by each alloy was much less in the salt-spray and salt solution 
than in the acid. 


3. SULPHUR-DIOXIDE CONTENT OF THE ATMOSPHERE 


It was thought that information regarding the sulphur-dioxide con- 
tent of the atmosphere would aid the interpretation of the results of 
atmospheric-exposure tests on the screen-wire materials. The Inter- 
national Nickel Co. furnished the necessary equipment for making 
the determinations by use of the method of the Selby Smelter Commis- 
sion In a somewhat modified form, as described by R. J. McKay 
and D. E. Ackerman.? 


1 Proc. Am. Soc. Testing Materials 24, II, 717 (1924). 
4 Ind. Eng. Chem. 20, 538-542 (1928). 
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Ficure 4.—Loss of weight of intermittent immersion in N/10 sulphuric acid. 
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Numerous determinations were made each month over a period of 
about a year, during 1927 and 1928, by the Bureau of Mines at Pitts- 
burgh; by the Norfolk Navy Yard at Portsmouth; and by the Weather 
Bureau station at American University, Washington. Determina- 
tions at Cristobal were made only during the months May to October. 
The results are summarized in table 2. 
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24-HOUR CYCLES, 96 IMMERSIONS PER CYCLE 
FiacurE 5.—Loss of weight by intermitient immersion in N/50 sulphuric acid. 


TaBLeE 2.—Sulphur-dioxide content of the atmosphere (parts per million by volume) 





Pittsburgh, Pa. Portsmouth, Va. Cristobal, C. Z. Washington, D. C. 





Month . 
(1927-28) | Maxi- | Mini-| Aver- | Maxi-| Mini- Maxi-| Mini- : i- | Mini- | Aver- 
mum num mum; mum mum age 
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ooonecowaae 


January --.- it 
February 





ul-ael-oal nl seal ol al cel oe 
WNW DO he bo 


September. .- 








November. _. 





em mr OO CO Co tO 
cooocooocococo 
oocoococococococo 





























Apparently there is no correlation between these data and the re- 
sults of the atmospheric exposure described in section IV of this 
paper. = 

The laboratory tests have been described in greater detail in reports 
of Committee D-14 of the American Society for Testing Materials.* 


§ Proc. Am. Soc. Testing Materials 26, I, 492 (1926); and 30, I, 864 (1930). 
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IV. RESULTS OF ATMOSPHERIC-EXPOSURE TESTS 


Failure in the exposed screen cloth was considered to have occurred 
when there was a break in the wire in at least one place as a result of 
corrosion. The first failures occurred, at Portsmouth, in the 80- 
copper 20-zinc material (no. 2) in the 30- by 36-in. wood frame from 
dezincification after four years’ exposure. The 70-nickel 30-copper 
material in the 12- by 12-in. frame (no. 24) failed at Pittsburgh, 
after four years’ exposure. The 30- by 36-in. wood frame (no. 6), 
which contained the 98-copper 2-tin material, came apart and had to 
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Ficure 6.—Loss of weight by intermitient immersion in N/2 sodium-chloride 
solution. 



































be removed, although the wires were still in excellent condition. 
Since that time at least one failure has occurred in each of the mate- 
rials exposed at Pittsburgh. At Cristobal, the 80-copper 20-zine 
mer (no. 2) failed in both the copper and wood 30- by 36-in. 
frames. The 12- by 12-in. wood frames at Cristobal were destroyed 
in some unknown manner after four years’ exposure. The occurrence 
of failures and the condition of the materials at the termination of the 
exposure period at Pittsburgh, Portsmouth, and Cristobal are sum- 





Quick] 


Nonferrous Screen Wire Cloth 


marized in tables 3, 4, and 5. 
ington are in good condition. 


783 


All the specimens exposed at Wash- 


TaBLE 3.—Condition of screen-wire materials after exposure at Pittsburgh, Pa., from 
Oct. 29, 1925 to July 10, 1984 





Screen material 
designation num- 
ber and nominal 
composition 


Type of frame 
and size (in 
inches) 


Exposure time 
(up to first 
failure) 


Years 


Months 


Appearance at end of test 





No. 1: 


90 Cu, 10 Zn 


75 Cu, 20 Ni, 5 Zn. 


70 Ni, 30 Cu. 
(approx.) 


No. 6: 


Cu (unalloyed)-.-- 


No. 6: 


98 Cu, 2 Sn 


No.7: 
95 Cu, 5 Al. 


30 by 36, wood -- 





\( 30 by 36, Cu__-. 


||12 by 12, wood - - 





| (30 by 36, wood -- 
| 30 by 36, Cu_-_-- 
| 


\(12 by 12, wood - - 


30 by 36, Cu__-- 


{0 by 36, wood -- 
12 by 12, wood -- 


30 by 36, wood - 


30 by 36, Cu. 
12 by 12, wood. 


30 by 36, Cu...- 
12 by 12, wood - 


30 by 36, wood . 
30 by 36, Cu 
12 by 12, wood- 


30 by 36, + ge 
30 by 36, Cu_-_- 
12 by 12, wood - 


am 
: 
: 














Uniform dark color. A few wires corroded 
through near the top. A few wires enlarged 
from corrosion products. 

Uniform dark color, holes at top and edge. 
half of cloth torn out by a slate in storm. 

Uniform dark color; a few wires corroded through 
near the top. 


Over 


Very brittle; most of the cloth entirely gone. 
Dark color. 

Dark color; heavy corrosion products on some 
areas; other areas, the wires are thin, many 
holes; brittle. 

Dark color; number of holes; brittle. 


Dark color; badly corroded, several holes. 
0. 
Dark color; badly corroded, two holes near top. 
Dark color; badly corroded, most of the cloth 
gone. 
Do. 
Dark color; badly corroded, considerable cloth 


gone near top. 


Dark color; considerable corrosion; wires thin 
near top. 

Dark color; considerable corrosion; wires thin 
with number of holes near the top. 

Considerable corrosion; no holes. 


ries an a@ number of small holes near the top. 
0. 


Do. 


eee failed; most of the cloth corroded away. 
0. 
Do. 
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TaBLe 4.—Condition of screen-wire materials after exposure at Portsmouth, Va,, 
from Oct. 28, 1925 to May 1, 193. 


























P ast een, time 
creen ma up to first 
. : Type of frame : 
designation num- | “nd size (in failure) Appearance at end of test 
ber and nominal inches) 
composition 
Years |Months 
No. 1: 
{30 Br BR FE 5 ih. ecechonccacst Dark color; no holes. 
90 Cu, 10 Zn.....-/{30 by 36, Cu....|....--.}....--.- 0. 
liz  § Se RR ar eR Do. 
No. 2: 
30 by 36, wood - - gree been Entirely failed; most of the cloth gone; very 
80 Cu, 20 Zn brittle. 
hee inp asca ati: 30 by 36, Cu...- 4 2 | Failed from dezincification; dark color. 
12 by 12, wood... 4 6 Do. 
No. 3: 
30 by 36, wood. -/.......|--.----- Material lost in storm. 
75 Cu, 20 Ni, 5 Zn_/<30 by 36, Cu...._/....-.-}...----- Dark color; no holes. 
jf gf a Se See ee eee 0. 
No. 4: 
30 by 36, wood -.}......./.-.-.--- Dark color; no holes. 
70. Ni, 30 Cu. }{30 by 36, Cu.....|.......]........ Do. 
(approx.) 12 by 12, wood--/|-...-..- |J--eeee2 | Partly lost in storm. 
No. 6: 
lg % ee ee A eee Dark color; no holes. 
Cu (unalloyed)...|{30 by 36, Cu. ._|...---- listiabbew 0. 
12 by 12, wood. -|-...--- |-------- Material lost in storm. 
No. 6: 
ie Mh, weed. .....~<]...-.-.. Frame failed after 4 years’ exposure. Cloth in 
98 Cu, 2S8n good condition. 
eee 30 by 36, Cu....}....... ei ie’ Dark color; no holes. 
12 by 12, wood--|.-.---- RE Gap Do. 
No. 7: | 
30 by 36, wood -_|....--- ee Re | Dark color; no holes. 
95 Cu, 5 A]...--.-.- _ i. 2. 4 RSs Eetekee Se ages | Material lost in storm. 
12 by 12, wood._|_..--. SE Dark color; no holes. 





Figures 7 to 13 show the appearance of the seven materials after 
exposure at Pittsburgh. The 12- by 12-in. wood frames are used in 
these illustrations, except for material no. 5 which is in the 30- by 
36-in. copper frame. This was the only frame in which the unalloyed 
copper had failed. To show more clearly the way corrosion had 
affected materials nos. 2 (80 copper, 20 zinc), 3 (75 copper, 20 nickel, 
5 zinc), and 4 (70 nickel, 30 copper, approx.), two small pieces of 
each are shown in figures 14, 15, and 16. In each case one piece was 
rubbed and bent with the fingers to remove the corrosion products 
and show the brittleness and fineness of the wires. The products of 
corrosion are also shown in the photographs. A microscopic examina- 
tion of the cross section of the wires of the several materials exposed 
at Pittsburgh showed that the corrosion penetrated the wires rather 
uniformly. The cores of the corroded wires appeared to be sound 
metal, except in material no. 2 (80 copper, 20 zinc), in which the zine 
apparently had been removed from the copper, leaving the latter 
porous and brittle. 
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Figure 7.—Appearance of material no. 1 (90 copper, 10 zinc) in the 12- by 12-inch 
wood frame after 9 years’ continuous atmospheric exposure at Pittsburgh. 


A few of the wires near the top are corroded through. Photographs for figures 7 to 13 were furnished by 
the United States Bureau of Mines, Pittsburgh, Pa. 
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Figure 8.— Appearance of material no. 2 (80 copper, 20 zinc) in the 12- by 12-inch 
wood frame after 9 years’ continuous exposure at Pittsburgh. 


The material is badly corroded, very brittle, and has numerous holes. 
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FicuRE 9.—Appearance of material no. 3 (75 copper, 20 nickel, 5 zinc) in the 12- 
by 12-inch wood frame after 9 years’ continuous exposure at Pittsburgh. 


The material is badly corroded and has a few holes near the top and bottom. 
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FicurE 10.—Appearance of material no. 4470 nickel, 30 copper, approximately) im 
the 12- by 12-inch wood frame after 4 years’ continuous exposure at Pittsburgh. 


The material is badly corroded, with a considerable area near the top entirely gone. 
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Figure 12.—Appearance of material no. 6 (98 copper, 2 tin) in the 12- by 12-ineh 
wood frame after 9 years’ continuous exposure at Pittsburgh. 
A few of the wires at the top right corner are corroded through. 











Journal of Research of the National Bureau of Standards Research Paper 803 











FiGuRE 13.—Appearance of material no. 7 (95 copper, 5 aluminum) in the 12- by 
12-inch wood frame after 9 years’ continuous exposure at Pittsburgh. 
The material was so badly corroded that the very little which remained was easily reduced to powder by 


rubbing between the fingers 
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Figure 14.—Two equal areas of material no. 2 (80 copper, 20 zinc) after 9 year’s 
continuous atmospheric exposure at Pittsburgh. 


One of the pieces has been crushed in the hand to show the extreme brittleness of the material 
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Figure 15.—Two equal areas of material no. 3 (75 copper, 20 nickel, 5 zinc) after 
9 years’ continuous atmospheric exposure at Pittsburgh. 


One of the pieces has been crushed in the hand to show the extent of corrosion. 
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FicurE 16.— Two equal areas of material no. 4 (70 nickel, 30 copper, approximately) 
after 4 years’ continuous exposure at Pittsburgh. 


One of the pieces has been rubbed between the fingers to show the extent of corrosion. 
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TaBLE 5.—Condition of materials after exposure at Cristobal, C. Z., from Nov. 16, 
1926 to Jan. 19, 1935 











: ey og time 
Screen materia Ty up to first 
: 4 ype of frame 
ey pre ne need and size (in failure Appearance at end of test 
composition inches) * 
Years |Months 
No. 1: 
30 by 36, wood. .|.....-.|-..-.... Uniform dark color. Wires brittle; 1 bend to 
90 Cu, 10 Zn_-_..-- break. 
PP Oe 06, OB si lidncssethiadmetes Do. 
No. 2: 
30 by 36, wood -- 4 6 | Considerable green patina on the fragments of 
80 Cu, 20 Zn_.--.-- cloth. 
30 by 36 ,Cu__._jAbout |_...._-- Do. 
5 years 
No. 8: 


75 Cu, 20 Ni, 5 Zn. 


No. 4: 

70 Ni, 30 Cu 
(approx.). 

No. 6: 


Cu (unalloyed)--- 


No. 6: 


98 Cu, 2 Sn 


No, ?: 
95 Cu, 5 Al 


30 by 36, Cu__- 


to by 36, wood _ - 
30 by 36, Cu____- 


E by 36, wood __ 


30 by 36, Cu 


30 by 36, wood -. 


30 by 36, Cu... 


{ by 36, wood. - 
30 by 36, Cu___- 








Beis wood _ _|-..- 











Dark color with greenish tinge, some wire 
enlarged with corrosion products. Two or 
three bends to break. 

Dark color with greenish tinge, some wire 
eniarged with corrosion products. Two or 
three bends to break. Damaged in handling. 


Dark color uniformly flecked with yellow. 
—— more than 12 bends to break wires. 
0. 


Uniform dark color with scattered spots of brittle 
bluish-green vitreous-like material in a few of 
the openings. 

Uniform dark color with spots of copper salts 
deposited sparsely over this area. Some spots 
of salts segregated in several lines crossing each 
other at right angles. Very brittle at these 
points. Many wires would break when salts 
were picked off. 


Uniform dark color with a few spots of salts 
scattered over the specimen, particularly along 
one vertical edge. Wires did not break when 
the salts were picked off. About 2 bends to 
break the wires. Greenish tinge. 

Uniform dark color with a few spots of salts 
scattered over the specimen, b prorgenn. | along 
one vertical edge. Wires did not break when 
the salts were picked off. About 2 bends to 
break the wires. Greenish tinge. Torn along 
the bottom edge; probably caused in shipment. 


Uniform dark color with greenish tinge. Brittle; 
1 bend to break wires. 

Uniform dark color with greenish tinge. Brittle; 
1 bend to break wires. Torn along bottom 


edge; may have been caused in shipment. 





* All the 12- by 12-in. specimens destroyed or lost after 4 years’ exposure. 


At Portsmouth, material no. 2 (80 copper, 20 zinc) failed in each 
of the three frames after 4- to 4%-years’ exposure. The appearance 
was similar to that of the same material exposed at Pittsburgh (fig. 
14). At Cristobal, this material also became brittle from dezincifica- 
tion and failed badly after 4%4- to 5-years’ exposure in the 30- by 36- 
in. wood and copper frames. A photograph of the material from the 


copper frame is shown in figure 17. 
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Material no. 5 (copper, unalloyed), exposed in the 30- by 36-in. 
copper frame at Cristobal for approximetely nine years, showed two 
well-defined narrow bands of corrosion products extending across the 
screen at right angles to one another (fig. 18) and occasional spots of 
similar corrosion products distributed at random over the entire 
screen. Figure 19 shows a small area from one of the bands of cor- 
rosion products at higher magnification. When the deposits of 
corrosion products at these spots were picked off, the wires were found 
to be very thin, or corroded through as indicated by arrows 1 and 2 
in figure 19. Arrow 3 indicates one of the larger deposits, under which 
the wire was found to be corroded through. 

Material no. 6 (98 copper, 2 tin), exposed at Cristobal for approxi- 
mately nine years, also was flecked with spots of corrosion products 
scattered more numerously over the upper than the lower half of the 
screen. The wires underneath the corrosion products were not 
greatly reduced in size and none was corroded through. 

A distinct, uniformly greenish patina was formed on all the ma- 
terials exposed at Cristobal, except material no. 4 (70 nickel, 30 
copper, approx.), which was uniformly flecked with yellow. The 
patina was most pronounced on material no. 2 (80 copper, 20 zinc). 
No colored patina was noticeable on any of the materials exposed at 
Pittsburgh, Portsmouth, or Washington. 


V. TENSILE STRENGTH OF MATERIAL BEFORE AND 
AFTER EXPOSURE 


Specimens of the screen wire cloth for tensile tests were clipped 
from each of the frames containing sufficient material after the ex- 
posure period at Pittsburgh, Portsmouth, and Cristobal, and from 
the extra material exposed for this purpose at Washington. From 
each of the larger frames eight specimens were cut parallel to (longi- 
tudinal specimens) and six specimens perpendicular to (transverse 
specimens) the direction of weaving of the cloth. From the 12- by 
12-in. frames four specimens were cut in each direction. Only two 
specimens in each direction were cut at this time from each of the 
materials exposed at Washington. 

The specimens were 15 strands wide, with a central reduced sec- 
tion about 2% in. long. The reduced section was made by clipping 
and removing two wires from each side at the midlength of the 
specimen. When tested, such specimens almost invariably broke in 
the midlength. The materials from some of the frames could not be 
tested because of loss during storms, failure of frames, or other 
reasons. 

The averaged results of the tensile tests of specimens of the ma- 
terials, before and after exposure for approximately nine years at 
Pittsburgh, Portsmouth, and Cristobal are shown in figures 20, 21, 
and 22. The value for the tensile strength of each of the uncorroded 
materials is the average for five specimens for each direction. 

Materials nos. 2, 4, and 7 at Pittsburgh, and material no. 2 at 
Portsmouth and Cristobal, were either entirely gone, or so badly 
corroded at the end of the exposure period that the strength could 
not be measured. 

At Washington, where no failures have occurred in any of the 
framed materials, tensile tests have been made at intervals through- 
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FicuRE 17.—Appearance of material no. 2 (80 copper, 20 zinc) from the 30- by 
36-inch copper frame after about 6 years’ continuous exposure at Cristobal, C. Z. 


The material is extremely brittle and contains a great many holes. 
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’fhe apparent tear near the top was made with shears. 


the full specimen. 
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Figure 19.—A small area from one of the bands of corrosion products shown in 
figure 18, X 4. 
Arrows 1 and 2 show a broken and a thin wire, respectively, revealed by the removal of corrosion products. 
Arrow 3 indicates one of the larger deposits under which the wire was found to be corroded through. 
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out the nine-year exposure period on longitudinal and transverse 
specimens of the extra materials. The results are shown in figure 
23. No explanation is suggested for the increased strength of the 
transverse specimens of materials nos. 1 and 6, during the early part 
of the exposure period 

The average tensile strength of each material, in its original con- 
dition and at the end of the exposure period, at each of the four 
stations, is shown in figure 24, the values given being the averages 
of the tensile strengths of the longitudinal and the transverse 
specimens. 

The results of the laboratory accelerated-corrosion tests that had 
previously been made showed no consistent correlation with the 
results of the atmospheric-exposure tests at any of the locations. 

The percentage loss of tensile strength after 500 hours’ exposure 
to salt spray, and corresponding changes after approximately nine 
years’ exposure at each of the four locations are given, for each ma- 
terial, in table 6. In table 7, the materials are listed, by designation 
numbers, in the order of increasing percentage loss of tensile strength 
after exposure at the four locations and in salt spray. 

It is evident, from these tables, that the salt-spray test cannot be 
used as a basis on which to predict the behavior of the materials at 
the exposure stations. The same was true for the other laboratory 
tests. Likewise, the behavior of the materials could not be correlated 
with the results of the determinations of the sulphur-dioxide content 
of the atmosphere at the four locations. 


TABLE 6.—Percentage loss of tensile strength after approximately 9 years’ exposure 
at the 4 locations; and after 500 hours in the salt spray (*) 





Percentage loss in tensile strength after exposure at— 





Designation of 


Santertal Nominal composition Pitts- Ports- Cristo- | Wash- | 500 hours 


mouth, bal, ington, in salt 
C. Z. D.C. 


Ta. spray 





-| 90 Cu, 10 Zn 37 
ey fe ps Oe 100 
. 36 (>) 
.---| 70 Ni, 30 Cu, (approx.)--_-.--- 90 
Da es (laa abies 29 
..-| 98 Cu, 2Sn 28 

-| 95 Cu, 5 Al | 54 








Fal wad ul at ed et 

















A * The data in this table were taken, for the four exposure stations, from figure 24; for the salt spray from 


» Negligible after 5,000 hours. 


TaBLE 7.—Materials listed by designation numbers in the order of increasing 
er loss of tensile strength after exposure at the four locations and in the 
salt spray 





Locations 





Ports- , Wash- 
mouth, Cristo- ington, 
bal, C. D.C 


Va. 


Pitts- 
burgh, Pa. 


























PO nos. 4, 2, and 7 failed completely in the following order: No. 4, first; no. 2, next; and no. 7 


133113—35——10 
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Ficure 24.—Average results of tensile tests on all s 
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each of the four exposure locations. 
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VI. SUMMARY 


The National Bureau of Standards, in cooperation with the Ameri- 
can Society for Testing Materials, has conducted atmospheric-expo- 
sure tests at Pittsburgh, Pa., Portsmouth, Va., Cristobal, C. Z., and 
Washington, D. C., on seven nonferrous screen wire materials of the 
following compositions: No. 1, 90 copper, 10 zinc; no. 2, 80 copper, 
20 zine; no. 3, 75 copper, 20 nickel, 5 zine; no. 4, 70 nickel, 30 copper 
(approx.); no. 5, copper (unalloyed); no. 6, 98 copper, 2 tin; and 
no. 7, 95 copper, 5 aluminum. 

When the test was terminated after approximately nine years’ ex- 
posure, each material had failed at Pittsburgh in the following order: 
(1) no. 4, after four years; (2) no. 7, after four years ten months; 
(3) no. 2, after six years four months; (4) no. 3, after six years eleven 
months; and (5) nos. 1, 6, and 5 after seven years six months; the 
exposure being typical of a heavy-industrial atmosphere. Composi- 
tion no. 2 had failed at Portsmouth, a temperate seacoast atmosphere 
with some industrial contamination, after four years, and at Cristobal, 
a tropical seacoast atmosphere with some industrial contamination, 
after four years, six months, while at Washington, typical of a mildly 
corrosive atmosphere, no failures had occurred. 

The tensile strengths of the materials before and after exposure 
at the four stations were determined. Tables give the percentage 
loss in tensile strength after exposure and a list of the alloys by 
number in the order of increasing percentage loss in tensile strength. 
Alloys nos. 6 and 5 maintained their strength best at Pittsburgh, 
Portsmouth, and Cristobal; and nos. 6 and 1, at Washington. 

The results of laboratory accelerated-corrosion tests previously 
made on the materials, which consisted in salt spray, and inter- 
mittent-immersion tests in salt solutions and dilute acids, were not 
consistent with the results of the exposure tests at any of the locations 
and could not have been used to predict the behavior of the material 
in service. 


Wasuineton, April 24, 1935. 
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